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Le but du présent travail – c’est étudier les particularités biogéochimiques et 
hydrochimiques des écosystèmes thermokarstiques du nord de la Sibérie d’Ouest pendant le 
procès de la dynamique naturelle du paysage et des variations climatiques modernes.  
Objectif de la recherche: 
1. Etudier la composition chimique des macrophytes, des dépôts de fond, des eaux de lacs 
et des eaux intersticielles des écosystèmes thermokarstiques du nord de la Sibérie d’Ouest.  
2. Calculer les coefficients de l’accumulation biologique des éléments chimiques aux 
macrophytes relativement aux eaux intersticielles et les dépôts de fond pour la découverte des 
procès biogéochimiques se réalisant dans les écosystèmes thermokarstiques. 
3. Etablir la dépendance fonctionnelle entre les concentrations des éléments  solubilisés 
de l’eau des lacs thermokarstiques et la dimension de la nappe d’eau. 
3. Etudier le gradient de latitude des concentrations de carbone organique solubilisée, des 
éléments micro et macro dans les eaux de lacs thermokarstiques des étapes pareilles de 
l’évolutions des écosystèmes thermokarstiques. 
Objets d’étude.  En qualité des objets d’étude ont servi l’eau de lac, les macrophytes, les 
dépôts de fond et l’eau intersticielle des écosystèmes thermokarstiques du nord de la Sibérie 
d’Ouest. 
La nouveauté scientifique de ce travail: 
1. On a obtenu les nouvelles données sur les cycles biogéochimiques des éléments 
chimiques dans les écosystèmes thermokarstiques du nord de la Sibérie d’Ouest pendant l’étude 
des concentrations des éléments chimiques dans les macrophytes, les dépôts de fond, les eaux de 
lac et les eaux intersticielles des lacs thermokarstiques. 
2. On a découvert la première fois les particularités de la composition chimique des eaux 
de lac aux étapes différentes de l’évolution des écosystèmes thermokarstiques du nord de la 
Sibérie d’Ouest. 
3. On a étudie la première fois les particularités de latitude de la composition chimique 
des lacs thermokarstiques de la Sibérie d’Ouest au profil de 900 km des glaces éternelles ce qui a 
permis de prévoir la modification des concentrations de la carbone organique solubilisée, des 
éléments micro et macro pendant les variations climatiques possibles. 
Portée pratique du présent travail. 
Les résultats du travail peuvent être utilisés comme les composantes de base du fond 
biogéochimique, relativement auxquelles on peut observer la modification de la composition 
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chimique des eaux de surface du nord de la Sibérie d’Ouest pendant l’augmentation de la charge 
anthropogène du territoire. Egalement les données reçues au cours du travail peuvent être 
utilisées pour construire les modèles de prévision de transfert des éléments chimiques et de la 
carbone organique solubilisée des territoires aquatiques et marécageuses du nord de la Sibérie 
d’Ouest dans l’Océan Glacial Arctique pendant le drainage des lacs thermokarstiques vers le 
système fluvial. 





Objective: Study biogeochemical and hydro chemical particularities of thermokarst 
ecosystems in the north of West Siberia in the conditions of natural landscape dynamics and 
modern climatic changes.  
Research tasks: 
1. Study chemical structure of macrophytes, bed deposits, lake and interstitial waters of 
thermokarst ecosystems in the north of West Siberia.  
2. Calculate the coefficient of bioaccumulation of chemical elements in macrophytes 
respectively to interstitial waters and bed deposits to find biochemical processes that happen 
inside thermokarst ecosystems. 
3. Establish functional dependency between the concentration of the compounds 
dissoluted in the water of thermokarst lakes and size of water surface. 
3. Study the lateral gradient of the dissoluted organic carbon concentration, macro- and 
micro elements in the waters of thermokarst lakes that have the same stages of thermokarst 
ecosystems development. 
Targets of research. Targets of research were lake water, macrophytes, bed deposits and 
interstitial water of thermokarst ecosystems in the north of West Siberia. 
Academic novelty: 
1. New data on biogeochemical cycles of chemical elements inside thermokarst 
ecosystems in the north of West Siberia was received. The concentrations of chemical elements 
in macrophytes, bed deposits, interstitial and lake waters of thermokarst lakes were studied. 
2. The peculiarities of lake water chemical structure on different stages of thermokarst 
ecosystems development in the north of West Siberia were revealed. 
3. Lateral characteristics of the chemical structure of West Siberian thermokarst lakes 
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situated in 900 km zone of continuous permafrost were studies for the first time. This has made 
possible to predict the changes in the concentration of organic carbon, macro- and microelements 
dissoluted in case the climate changes. 
Academic and practical relevance. 
The results of the work may be used as the basic elements for biogeochemical 
background, relating to which the changes of open water biochemical structure in the north of 
West Siberia may be traced in case of anthropogenic load to the given territory increases. The 
data received during the research may be used to develop the predictive models of chemical 
elements and dissoluted organ carbon transfer from water-boggy land in the north of West 
Siberia to the Arctic Ocean when thermokarst lakes are drained into the river system. 





Цель данной работы: изучить биогеохимические и гидрохимические особенности 
термокарстовых экосистем севера Западной Сибири в процессе естественной динамики 
ландшафта и современных климатических изменениях.  
Задачи исследования: 
1. Изучить химический состав макрофитов, донных отложений, озерных и поровых 
вод термокарстовых экосистем севера Западной Сибири.  
2. Рассчитать коэффициенты биологического накопления химических элементов в 
макрофитах относительно поровых вод и донных отложений, для выявления 
биогеохимических процессов происходящих в термокарстовых экосистемах. 
3. Установить функциональную зависимость между концентрациями растворенных 
компонентов воды термокарстовых озер и размером водной поверхности. 
3. Изучить широтный градиент концентраций растворенного органического 
углерода, макро- и микроэлементов в озерных водах термокарстовых озер одинаковых 
стадий развития термокарстовых экосистем. 
Объекты исследования. Объектами исследования служили озерная вода, 
макрофиты, донные отложения и поровая вода термокарстовых экосистем севера 
Западной Сибири. 
Научная новизна: 
1. Получены новые данные о биогеохимических циклах химических элементов в 
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термокарстовых экосистемах севера Западной Сибири при изучении концентраций 
химических элементов в макрофитах, донных отложениях, поровых и озерных водах 
термокарстовых озер. 
2. Впервые выявлены особенности химического состава озерных вод различных 
стадий развития термокарстовых экосистем севера Западной Сибири. 
3. Впервые изучены широтные особенности химического состава термокарстовых 
озер Западной Сибири на 900 км профиле многолетней мерзлоты, что позволило 
прогнозировать изменение концентраций растворенного органического углерода, макро- и 
микроэлементов при возможных изменениях климата. 
Теоретическая и практическая значимость. 
Результаты работы могут быть использованы как базовые составляющие 
биогеохимический фон, относительно которых можно будет наблюдать изменение 
химического состава поверхностных вод севера Западной Сибири при увеличении 
антропогенной нагрузки на данную территорию. Также полученные в ходе работы данные 
могут быть использованы для построения прогнозных моделей переноса химических 
элементов и растворенного органического углерода из водно-болотных угодий севера 
Западной Сибири в Северный Ледовитый океан при дренаже термокарстовых озер в 
речную сеть. 
Ключевые слова: биогеохимия, гидрохимия, Западная Сибирь, макрофиты, 
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1.1 Background of the study 
 
The western Siberia plain comprises more than 1 million km² of peat bog and lake 
landsape is most likely the terrestrial system most vulnerable to on-going climate change. The 
main reasons for this high vulnerability include the following: (i) discontinuously distributed 
permafrost with very low thickness relative to Central and Eastern Siberia (sometimes less than 
50 meters); (ii) the dominance of thick (up to 3 m in the south and 1 m in the north) organic peat 
deposits that are far more reactive than mineral soils; (iii) high coverage of the territory by 
tundra with patches of forest along the river valleys; (iv) abundant thermokarst (thaw) lakes that 
often cover up to 80% of the watershed area; (v) dense infrastructure comprising roads, pipelines 
and settlements linked to expanding oil and gas production. Individually, each of these factors 
may produce great instability in western Siberian ecosystems relative to other permafrost zones 
due to global warming. When combined, these factors make this site a unique battlefield between 
atmospheric CO2 drawdown processes (peat formation and vegetation production) and CO2 
release into the atmosphere due to soil and water organic matter degradation.  
Thawing of the permafrost and releasing ancient organic carbon is one of the most 
significant environmental threats within the global climate change scenario (Schuur et al., 2008). 
Solid organic matter’s degradation and subsequent conversion into gaseous CO2 is facilitated by 
the liquid media. Numerous studies of permafrost degradation in subarctic Alaska (Jorgenson et 
al., 2011), Canada (Payette et al., 2004; Turetsky et al., 2002; Laurion et al., 2010) and Sweden 
(Christensen et al., 2004) have confirmed that the ecosystems are becoming wetter in the course 
of the permafrost disappearance.  
Regardless of the mechanisms responsible for Corg → CO2(gas) conversion, this process 
is enhanced in the surface waters, especially in the oxic environments. Numerous shallow 
surface depressions filled with thawed water and growing thermokarst (thaw) ponds and lakes in 
Western Siberia offer the most favorable natural environments for these conversion processes 
and therefore deserve thorough investigation.  
The annual CO2 emission fluxes from the thermokarst lakes in Western Siberia (45±27 
mol C/m²/y, Ripo et al., 2007; 8.9±4.5 mol C/m²/y, Shirokova et al., 2009) are similar to those 
from other thermokarst lakes and rivers in the NE European Russia (5-9 mol C/m²/y, Heikkinen 
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et al., 2004). These values are on the same order of magnitude as those for aerobic respiration in 
the Arctic water column, its temperate lakes (0.6 – 10 mol C/m²/y, Ramlal et al., 1994 and 
references therein) and lakes in Alaska (12 mol C/m²/y, Kling et al., 1992). The CO2 emission 
from lakes in Western Siberia are comparable with the heterotrophic respiration of thermokarst 
wetlands (16 mol C/m²/y, Wickland et al., 2006) but an order of magnitude higher than the 
amount of CO2 emitted from the Canadian peatlands (0.73 mol C/m²/y, Turetsky et al., 2002; 
0.4-1.4 mol C/m²/y, Vitt et al., 1990) and small boreal non-permafrost lakes (3.5 mol C/m²/y, 
Kortelainen et al., 2006). However, thermokarst lakes and ponds are important parts of the 
carbon budget at high latitudes because the typical CO2 emissions from a lake’s surface to the 
atmosphere (110±50 g C/m²/y, Shirokova et al;, 2009 and references therein) are comparable to 
the typical values for the carbon sinks in peat plateaus (e.g., 106-110 g C/m²/y, Heikkinen et al., 
2004). Because the newly formed lakes in the Western Siberia make up a high geographical 
proportion of the area (up to 48% of the surface area (Zimov et al., 1997; Hinkel et al., 2003; 
Riordan et al., 2006), reaching 60-80% in the Pur, Taz and Nadum river basins (Zakharova et al., 
2009), there is little doubt that the Western Siberian thermokarst lakes are likely to act as a major 
regulator for the CO2 release from the frozen peat into the atmosphere.  
Compared to large number of studies devoted to the biogeochemistry of aqueous and 
gaseous organic carbon forms in permafrost-affected soil and water bodies, relatively little is 
known regarding trace elements (TE). Recently, we have described the evolution of both the 
concentration and speciation of colloidal TE in the water column and in the sediments along the 
chronosequence of thermokarst lakes and ponds developing in the northern portion of western 
Siberia within continuous permafrost zone (Pokrovsky et al., 2011; Shirokova et al., 2013). 
However, to extend this knowledge to other boreal regions that are less affected by permafrost, 
studies of TE biogeochemistry in discontinuous permafrost zone under various landscape and 
geographical settings remain necessary. Today, it is critical to ascertain the extent that the TE’s 
concentration in the thermokarst lakes is controlled by the stage of lake development, the 
landscape (forest, tundra and bog lakes of the watersheds compared to coastal lakes for example) 
and latitudinal position (climate and the the permafrost thickness). Moreover, it is impossible to 
quantify the effect of permafrost thawing on the degree of chemical composition change of 
thermokarst water bodies and their potential role as greenhouse gas sources/sink under climate 
warming scenario, even as a first order approximation. Elucidating these issues should allow the 
large-scale modeling of the stocks and fluxes of the chemical elements within the aquatic 




1.2 Study sites, sampling and analyses 
 
The study site is located in the central and northern portions of Western Siberia (63.5-
70.5°N, near the towns of Nojabrsk and Novy Urengoy towns, as well as the Khanymey and 
Tazovsky settlements), within a primarily tundra landscape that has developed continuous and 
discontinuous permafrost over Neocene sand and clay deposits that are covered by a 1–2 m thick 
peat layer (Fig. 1 A). In these regions, numerous thermokarst (thaw) lakes are observed that 
range in size from several hundred m² to km-sized lakes, as illustrated by the topographical map 
of a typical watershed divide area (the Khanumey test site used for this work) (Fig. 1 B). An 
aerial view of the study site also confirmed the lakes’ dominant land coverage (Fig. 1 C).  
The sampling and filtration, as well as the chemical analysis, techniques are very similar 
to those used during our previous studies (Pokrovsky and Schott, 2002; Pokrovsky et al., 2006; 
Vasyukova et al., 2010; Pokrovsky et al., 2010). An ultraclean sampling procedure was used 
throughout the manipulations in the field (Shirokova et al., 2010). The water samples were 
collected in a PVC boat from the central part of the lake or manually from a depth of 30-50 cm 
and immediately filtered through sterile, single-use Minisart® filter units (Sartorius, acetate 
cellulose filter) with 5 or 0.45 μm pore sizes. In addition to the conventional filtration, in-situ 
dialysis experiments were performed using 20-50 ml pre-cleaned dialysis bags placed directly 
into the lake. This dialysis procedure lasted between 72 and 96 hrs. The filtered and dialyzed 
samples were stored at 4–5°C in the dark before analysis. The concentrations of dissolved 
organic carbon (DOC), Cl, SO4, cations and TEs, as well as alkalinity were measured using 
routine methods for analyzing boreal water samples in our laboratory (Vasyukova et al., 2010; 
Pokrovsky et al., 2010, 2011). The dissolved inorganic carbon (DIC) concentrations were 
obtained from the alkalinity after a standard HCl titration procedure using an automatic Schott 
TitroLine alpha TA10plus titrator with an uncertainty of ±2% and a detection limit of 5×10−5 M. 
The DOC was measured using a Shimadzu TOC 6000 with an uncertainty of 5%. The trace 
elements were measured using inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 
7500 CE and Element XR) with indium and rhenium as the internal standards and a precision 




Figure 1. Schematic representation of study sites: a general map of western Siberia (A), the 
topographical map of the main study site (Khanymey, discontinuous permafrost zone, B) and an 
aerial photo of thermokarst lakes field in the southern part of continuous permafrost zone (C).  
 
The international geostandard SLRS-4 (Riverine Water References Material for Trace 
Metals certified by the National Research Council of Canada) was used to check the validity and 
reproducibility of each analysis. Good agreement was obtained between our replicated SLRS-4 
measurements and the certified values (relative difference <10%). 
 
1.3. Cyclic development of thaw lakes on the frozen palsa peat bogs  
 
The water bodies of the Western Siberian lowland follow specific life cycles, beginning 
from the appearance of m²-size soil depressions and permafrost subsidences and progressing to 
large, mature lakes that are subjected to drainage, as illustrated in schematic diagrams with 
photos corresponding to each stage in Fig. 2. In the dry bottom of large drained lake, a 
depression and permafrost subsidence may occur, initiating a new cycle of lake development. 
13 
 
The chemical composition of thermokarst water bodies changes systematically along the timeline 
of lake development; the highest total dissolved solid (TDS) concentrations and dissolved 
organic carbon (DOC) occur at the beginning when the thaw ponds form within the permafrost 
subsidences and wet depressions (Fig. 2). The largest mature lake with a km-scale diameter 
exhibits the lowest specific conductivity (close to 10 μS cm-1, among the lowest known on the 
Earth surface for such a large and stable hydrological object), while the highest concentration of 
both DOC and metals are observed in the smaller meter-sized depressions. 
 
 
Figure 2. Scheme of cyclic succession of thermokarst lakes development in discontinuous 
permafrost zone of western Siberia 
 
1.4 Landscape context-based types of lakes and their chemical composition  
 
An important observation regarding the thermokarst lakes studied in this work is that all 
of them have ice (permafrost) under their beds below 30-50 cm (depending on the season) of 
porous organic-rich sediment. As such, the lakes are strongly isolated from the mineral substrate 
and deep groundwater discharge at the lakebed is minimal. The latter is confirmed by the 
extremely low total dissolved solid concentrations in km–sized lakes. The main source of DOM 
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and inorganic solutes in the thermokarst lakes is the peat abraded at their borders; this abrasion 
may occur either by wave action or thawing/submersion actions on the portions on the border 
line, as illustrated by the ground photos in Figure 3 A and B, respectively. 
 
Figure 3. Photos of the pet abrasion at the thermokarst lake border in discontinuous permafrost 
zone (Nojabrsk region, 2010). 
 
In addition to the “classic” shallow thermokarst lakes most abundant in the Western 
Siberain arctic and subarctic, deep “primary” lakes of glacial or tectonic origin were also 
investigated. Figure 4 summarizes the hydrochemistry both large and small thermokarst lakes 





located within the permafrost zone; these lakes were sampled during the summer baseflow 
season in 2010. It can be seen from thes efigures that there is significant temperature 
stratification during summer season. The oxygen concentration gradually decreases from the 
surface to the bottom with only first 2 to 4meters being fully saturated with atmospheric O2. 
 
Figure 4. Temperature (A) and oxygen concentration (B) depth profile of usual shallow 
thermokarst lakes located in discontinuous permafrost zone (rectangular) and two deep 
“primary” lakes of sporadic permafrost zone shown by symbols with connecting lines. 
 
The gas regime of the two lake types is presented in Fig. 5 and the metal concentrations 





Figure 5. Methane and CO2 concentration in shallow thermokarst lakes of western Siberia in 
discontinuous permafrost zone and depth profile of these gases in deep «primary» Dmitrovskoe 
lake (sporadic permafrost). 
 
There is a significant difference between the specific electric conductivity of the lake 
water in the permafrost setting between the thermokarst and deep “primary” lakes; however, the 
latter exhibits one of the lowest specific conductivities known for isolated and stable water 
bodies on the Earth’s surface. The concentration of methane and CO2 in the deep lakes is similar 
to those in the shallow thermokarst lakes (Fig. 5). The metal concentrations for most of the 
shallow thermokarst lakes are similar or comparable to those of the deep lakes. These low 
concentrations of total dissolved solid and lithogenic metals in the deep lakes located within the 
permafrost-dominated ground support the lack of detectable groundwater feeding the 
thermokarst lakes’ chemical composition; the hypothesis suggested in earlier is valid for 
continuous/discontinuous permafrost terrain (Pokrovsky et al., 2011). The frozen state of the 
surrounding substrate (Neogene sands and peat deposits) is responsible for the low 
mineralization of surface waters in Western Siberia. The deep lakes located within the 
forest/forest tundra zone may also originate from large, thawed ice wedges/lenses because they 






Figure 6. Trace metal concentration in shallow thermokarst lakes of western Siberia. See legend 
Fig. 4 for details. 
 
1.5 Testing the latitude (climate and permafrost) gradient of lake chemical 
composition  
 
Given the large geographic coverage of the thermokarst lakes (10° latitude along a 
strongly pronounced gradient of permafrost thickness ranging from discontinuous and sporadic 
in the south of Nojabrsk district to continuous in the Gyda region), the effect of the climate or 
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latitudinal position on lake water hydrochemistry can be determined. This representation may be 
partially biased because the Gyda lakes are located near the sea and are thus subjected to the 
influences of marine aerosols depositions. For this analysis we used the geometric mean of the 
element concentration of the lakes sampled during the summers of 2008-2012 for four size 
ranges of thermokarst water bodies: depressions smaller than 10 m diameter, thaw ponds less 
than 100 m diameter, small and medium lakes 100 to 500 m diameter (the dominant type of 
water bodies in the region) and mature lakes at the final stage of their development larger than 
500 m in diameter. We analyzed the major components of the lake water (DOC, Ca, Fe, Al), as 
well as the most environmentally important heavy metals (Zn, Mn, Cu, Ni and Pb). There are 4 
distinct patterns of elemental concentrations in the lake water relative to the lake’s latitudinal 
position, as illustrated in Figs. 7 A-I: (i) A decrease in the elemental concentrations from the 
south to the north (DOC, Pb), (ii) nonsystematic concentration evolution with the latitude (Fe 
and Al), (iii) a maximal concentrations at the continuous permafrost sites in the continental zone 
(Mn); (iv) an increase in the concentrations from south to north, notably in the coastal Gyda zone 
(specific conductivity, Ca, Zn, Cu, Ni, and Cr). A pronounced increase of Cu, Ni and Cr 
concentration in the most northern region of continuous permafrost zone (Gyda site) may be due 
to the proximity (a distance of ~ 300 km) from the largest arctic smelter, the Cu-Ni-Cr 





Figure 7. Latitude plot of DOC (A), Fe (B), specific conductivity (C) and Al (D) concentration 
for lakes of different size ranges, sampled in discontinuous / sporadic, discontinuous and 
continuous permafrost zones. 
 
 
Figure 7, continued. Latitude plot of Ca (E), Ni (F), Pb (G) and Cu (H) concentration for lakes 





1.6 Thesis organisation 
 
The manuscript is composed of the main thesis based on publications, submitted 
published, addressing the above mentioned objectives, and the supplementary information which 
comprises several extended annexes presenting analytical results. 
The principal part of the manuscript comprises four chapters organized in the form of 
scientific articles all devoted to geochemical behaviour and forms of migration of elements in 
natural waters of western Siberia. 
Chapter 2: West Siberian palsa peatlands: distribution, typology, cyclic 
development, present day climate driven changes, seasonal hydrology and impact on CO2 
cycle 
Palsa peatlands occupy extensive areas in Western Siberia which is one of the most 
paludified flat lowlands of the world. Climatic changes in Western Siberia are more dramatic 
compared with other northern regions, and changes in palsa landscapes are more notable due to 
the severe continental climate here. The distribution, peculiarities and climate-indication 
capacities of West Siberian palsas are poorly known outside Russia. Thus, Western Siberia is 
one of the most interesting vast natural polygons for studying climate-driven changes in the 
landscapes. This paper aims to fill the gap in knowledge on West Siberian palsas and their 
capacity as a climate regulator. We present issues in distribution, typology and cyclic 
development of palsa peatlands and their actual climate-driven changes. We also analyse the role 
of palsas in the atmospheric cycle of CO2, and the hydrology of the palsa regions. 
Chapter 3: Hydrochemical composition of thermokarst lake waters in the 
permafrost zone of Western Siberia within the context of climate change 
This work describes the current state of thaw lake and pond ecosystems, the mechanisms 
of their formation and succession, which was assessed via field work during several summer 
campaigns, and the laboratory analysis of water samples that were collected in the northern part 
of western Siberia within continuous and discontinuous permafrost zones. We analyzed the 
elemental chemical composition of lake waters as a function of lake diameter, over more than 
two orders of magnitude of the lake size, and described the peculiarities of the elemental 
composition of the thermokarst water body ecosystem during various stages of lake 
development. We revealed significant correlations between Fe, Al and dissolved organic carbon 





Chapter 4: Features of the elemental composition of lake waters and macrophytes in 
thermokarst subarctic ecosystems of west Siberia 
This work provides information on the current state of lake and wetland ecosystems in 
northern West Siberia, and describes the mechanisms of their formation and succession. 
Elemental composition of lake water and macrophytes of the four most typical subarctic lake 
ecosystems in Western Siberia were analyzed using ICP MS. As a model of biogeochemical 
system, we selected species of Menyanthes trifoliata L. The general dynamics of chemical 
elements concentration in the Menyanthes trifoliata L. in all four ecosystems demonstrates the 
minimal concentrations of rare earth elements, whose mobility in fresh watersand bioavailbility 
are low Similar properties are exhibited by all three- and tetravalent hydrolysates. We also 
calculated, at each of the four stages of lake ecosystems development, the coefficients of 
biological accumulation of chemical elements by Menyanthes trifoliata L. (Kb) relative to the 
water. This revealed that the Menyanthes trifoliata L. strongly accumulates heavy metals, such as 
Pb, Zn, Sr, Co those sources may be both global factors (atmospheric transport, water treatment, 
etc.) and various types of local pollution occurring as a result of anthropogenic impact on 
ecosystems of the north. 
Chapter 5: Possible evolution of hydrochemical composition of the water subarctic 
thermokarst lakes of Western Siberia in the context of climate change 
This works describes the current state of lake and wetland ecosystems in northern West 
Siberia, mechanisms of their formation and succession using ICP-MS. We analyzed the 
elemental chemical composition of lake waters, and described the peculiarities of the elemental 
composition of the thermokarst water ecosystem during various stages of lake development. We 
revealed significant correlations between Fe, Al and dissolved organic carbon (DOC) and 
various chemical elements. The four groups of chemical elements reflect the dynamic succession 
of water bodies studied area. The mechanism of thermokarst lake chemical composition 
formation are discussed and the consequences of climate warming and permafrost thaw on 
hydrochemistry of West Siberia thaw lakes and ponds are analyzed. 
In Chapter 6, conclusions of the principle results are synthesised and perspectives of 
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Palsa peatlands occupy extensive areas in Western Siberia which is one of the most 
paludified flat lowlands of the world. Climatic changes in Western Siberia are more dramatic 
compared with other northern regions, and changes in palsa landscapes are more notable due to 
the severe continental climate here. The distribution, peculiarities and climate-indication 
capacities of West Siberian palsas are poorly known outside Russia. Thus, Western Siberia is 
one of the most interesting vast natural polygons for studying climate-driven changes in the 
landscapes. This paper aims to fill the gap in knowledge on West Siberian palsas and their 
capacity as a climate regulator. We present issues in distribution, typology and cyclic 
development of palsa peatlands and their actual climate-driven changes. We also analyse the role 
of palsas in the atmospheric cycle of CO2, and the hydrology of the palsa regions.  
 
Key words: Permafrost; Cryolitozone; Palsa; Thermokarst; Lakes; Thawing; Climate 
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2.1 Introduction  
The West Siberian Plain covers more than 2 million km2 and is limited from the west by 
the Ural Mountains, from the north by the Kara Sea, from the east by the Yenisey River, and 
from the south by the Kuznetsk AlaTau Mountains, foothills of Altai and the Kazakh Uplands. 
Its environmental features are unique. The main one is the extremely high level of paludification 
caused by climatic and orographical features. About 50% of the West Siberian Plain is covered 
by peatlands, and in some areas like Surgut Polesye, Vasyugan Plain, watersheds of the rivers 
Lyamin, Pim and Agan up to 70–75%. The presence of numerous lakes among mires creates 
specific mire-lake landscapes on a significant part of the territory [1]. The big number of lakes is 
another feature of the Plain. The data suggest that the total number of lakes on this territory 
exceeds 800,000. Considering all intra-mire water reservoirs like small lakes and ponds with area 
less than 1 ha, the number will be considerably more. The Western Siberian Plain is divided into 
two parts by the Siberian Ridge (Sibirskiye Uvaly) which extends in the east-west direction. The 
southern part of the West Siberian Plain includes various landscape zones and sub-zones, such as 
taiga and sub-taiga, forest steppes and steppes with different types of mires. Permafrost-related 
forms of relief are only present in isolated frozen peat ‘islands’ near the slopes of the Siberian 
Ridge [1–3]. The most southern relic permafrost islands reaching 58°N are very unstable and 
subjected to climate-driven changes [4]. 
North of the Siberian Ridge, the northern taiga and forest-tundra landscapes appear and 
then gradually change into typical tundra in more northern regions. The forest-tundra zone is 
characterised by vast peatlands. The frozen peatlands form flat plateaux and large mound bogs. 
They constitute up to 70% of watershed surface [1–3]. The aim of this paper is to discuss the 
series of issues concerning a unique natural phenomenon, West Siberian palsas: their 
distribution, typology, cyclic development, present-day climate-driven changes and role in the 
atmospheric cycle of CO2. 
 
2.2 Distribution and typology of West Siberian palsas  
Palsa bog (from Finnish – palsa) is poorly drained lowland underlain by richly organic 
sediments, which contains perennially frozen peat bodies: peat plateaux or peat mounds. Palsas 
are caused by permafrost and protrude above the surface of the surrounding peatland. The height 
of these mounds may vary from less than one metre to several metres and they may cover up to 
several hundreds of square metres in area, whereas the larger palsas may form peat plateaux 
[5,6]. Palsa bogs are mire complexes that occur in the northern hemisphere, representing one of 
the most marginal permafrost features (figure 1) at the outer limit of the permafrost zone [5]. 
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This marginality makes palsa bogs extremely sensitive to climatic fluctuations [3,5–12]. The 
southern limit for palsa formation in Europe corresponds to the 1°C mean annual temperature 
isotherm [6,10] and the northern limit coincides with the -1°C mean annual air temperature [7]. 
The mean annual temperature isotherm for palsas in Western Siberia varies from -6.9°C (at the 
southern limit) up to -7.6°C (at the northern limit) [13], due to the strong continental type of 
climate here. 
In Western Siberia, palsas are more widely distributed than in Western Europe and North 
America. They are the dominant landscape type in the northern part of the north taiga sub-zone, 
forest tundra sub-zone and southern tundra [1,2,14–17] occupying 434, 000 km2 (figure 1). 
In Russian literature palsas are called ‘mound bogs’. Two main types are distinguishable 
[1,2,14–19]: large mound palsas (with dome shaped tall mounds 2–5 (7) m height embedded into 
surrounding swamps; and flat mound palsas (with vast, low plateaux (0.5–1.5 m) corroded by 
numerous thermokarst subsidences of different shape). Large mound palsas occur in the southern 
band of mound bogs. They are typical for the southern part of the north taiga sub-zone, shifting 
in the northern part of the north-taiga sub-zone and forest tundra sub-zone to the drained river 
valleys. Flat mound palsas occupy vast areas in the northern edge of north-taiga sub-zone and 
forest-tundra, extending to the southern tundra (figure 1). Flat-mound palsas occupy about 8% 
(240,000 km2) of the total area of the West Siberian Plain. The southern border of this zone has 
the diffuse type. The zone of large-mound palsas is located to the south of the flat-mound palsas 






Figure 1. General map of the Western Siberian Plain, Western Siberia palsa mire types (after 





2.3 Elements of palsa complex morphology and vegetation  
We will now examine elements of a palsa complex as an example of flat-mound bogs or 
plateau palsas since they have been the most widespread landscape type in the northern part of 
the north taiga, forest tundra and the southern edge of tundra. The present-day surface of the flat 
peat mounds exhibits some degradation features consisting in the prevalence of lichens in a 
vegetation cover and the presence of bare peat spots (3–5% of the surface). Abundant presence 
of lakes (20–40% reaching up to 80% in the watershed centre) is typical for the frozen flat 
mound complexes of inter-stream areas (figure 2). 
 
 
Figure 2. Abundant lakes and ponds at the central part of the Nadym-Pur watershed (Aerial 
photograph taken from helicopter, 1999). 
 
Peat mounds of 0.5–1.5 m height occup approximately 70–95% of the lake-free surfaces, 
with the 20–60 cm thawed layer. The rest are the bog hollows where permafrost is located at the 
50–200 cm depth. The surface of mounds has a bulky-tussocks character: it is made by tussocks 
of the 20–30 cm height, with the diameter of 0.5–2 m. Small shrub-lichen vegetation of the 
mounds is very abundant. Small shrubs cover from 10% up to 30% of the land surface. Among 
shrubs, the Ledum palustre prevails, constituting approximately 10–30% (maximum 60%). There 
is a small amount of Betula rotundifolia (2–10%). Other small shrubs (Andromeda polyfolia, 
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Rhodococcum vitis-idaea, Chamaedaphne calyculata, Vaccinium uliginosum, Empetrum 
nigrum, Oxycoccus microcarpus) are rarer, with the total coverage between 2 and 5%. The 
following grass species are frequently found on the mounds: Rubus chamaemorus, 3–7%; 
Eriophorum vaginatum, <1%; Carex globularis, <1%; Drosera rotundifolia, solitary. The 
lichens (Cladina stellaris and Cladina rangiferina) usually occupy 70–80% of a surface. Other 
lichens (Cetraria islandica, C. laevigata, C. delisei, C. elenkinii, C. nivalis, C. cucculata, 
Alectoria ochroleuca) do not contribute significantly to the vegetation cover. The mosses are 
found in separate spots and occupy from 2 to 5% of the area. They are represented by 
Polytrichum strictum, Pleurosium schreberii, Ptilium crista-castrensis (in the cracks of peat), 
Dicranum elongatum, Sphagnum rubellum, S. lenense, and S. fuscum. Cladina rangiferina 
usually occupy 70–80% of a surface. Other lichens (Cetraria islandica, C. laevigata, C. delisei, 
C. elenkinii, C. nivalis, C. cucculata, Alectoria ochroleuca) do not contribute significantly to the 
vegetation cover. The mosses are found in separate spots and occupy from 2 to 5% of the area. 
They are represented by Polytrichum strictum, Pleurosium schreberii, Ptilium crista-castrensis 
(in the cracks of peat), Dicranum elongatum, Sphagnum rubellum, S. lenense, and S. fuscum 
[19]. 
The frost flat mound bogs, as a rule, have an insignificant peat deposit with the thickness 
of 0.5–1.5 m, in rare cases reaching 3–5 m, comprising mainly the fen-sedge, sedge-equisetum, 
sedge-hypnum-moss and hypnum-moss types of peat. The peat deposits of the bottom layer of 
bog hollows are close in botanical composition to deposits of the frost peat mounds, but are less 
thick [2,15,20–22]. This testifies to the secondary origin of bog hollows, begun after cessation of 
the active peat accumulation process during the Holocene optimum, when the body of peat bogs 
developed as a single unit [15,20,21,23]. On average, the fen peat settles down upon a peat 
deposit constituting 45% of the surface area. Raised bog peat occupies 39%, situated on the top 
of layer, and transitive peat makes up 16%, forming a layer between top and bottom. The 
absolute age of the bottom layer of the mounds of peat deposit is between 5280 and 9320 years 
old, and the age of the bog hollows ranges from 2860 to 4750 [15]. So, the bog hollows are 
younger. 
The modern conception suggests that the paludification of the West Siberian plain began 
before the boreal period (9200–9300 years ago) almost simultaneously on all its territory, except 
for regions of the Far North and the forest-steppe zone [19]. The radiocarbon analysis of the 
bottom layer of one of the oldest peat bogs in the central part of Purpe-Tanlova watershed 
(Nadym-Pur interfluve) yields 9430 years, and this is in agreement with a previous number [24]. 
It is important to note that formation of bogs began almost simultaneously in valleys of the rivers 
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and thermokarst subsidences of mineral ground on watershed plateaux [25]. The information on 
joint pollen and botanical analysis of peat, available in the literature, allows theoretical 
reconstruction of the stages of evolution of the frost flat mound bogs [15,20]. The accumulation 
of the bulk of the peat proceeded in the period of warmer post glacial time under conditions of 
deep permafrost localisation, when the considered territory was probably similar to the northern 
taiga subzone. In this period the fen-sedge-hypnum-moss with equisetum, comarum and 
menyanthes types of peat were mainly formed. The dry and cold climate at the next stage has 
resulted in permafrost development in the peat bogs, which has produced the cryogenic heaving 
of the low-level bog surfaces. The two phases of the permafrost accumulation are evidenced by 
the geomorphologic data of double-stage structure of the permafrost rocks [26]. The last climate 
warming in the middle of the Holocene, proceeding until now, has initiated a process of 
permafrost degradation, with the formation of inter-mound hollows and their paludification [15]. 
The morphological features of frost flat mound bogs are determined by bog hollows, which vary 
in terms of form, water abundance, drainage, and the vegetative cover (table 1). Their size and 
shape vary from small round closed pits, by 0.5–1m diameter, up to the wide (30–40 m) flowing 
hollows, extending for tens and hundreds metres. In Russian literature, the following types of 
plateau palsas were identified based on the character of bog hollows: pit-like, swamp-like, 
hollow-swamp-like, swamp-lake-like, lakelike, and crack-like [27]. 
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Figure 3. ‘Khasyrei landscape’ in West-Siberian forest-tundra (67°1 N, 74° 2 E, Landsat image 
from Google Earth). 
 
Drained thaw lake basins in Western Siberia have a local name ‘khasyrei’ [26]. Khasyreis 
as well as lakes, ponds and frozen mounds are permanent elements of sub-arctic frozen peat bogs 
– palsas and tundra landscapes. In some areas of West-Siberian sub-arctic, khasyreis occupy up 
to 40–50% of total watershed surface often forming typical ‘khasyrei landscape’ (figure 3). 
Khasyreis are part of the natural cycle of palsa complex development [2,3,9,28], but their 
formation is not continuous and uniform in time and, according to our opinion, there were 
periods of more intensive lake drainage and corresponding khasyrei development. This occurred 
during epochs of climatic warming and today we encounter one of them. Over the last few years, 
this process has been especially enhanced in the southern part of Western Siberia [28]. The 
khasyrei is formed when outcropped sandy or peat bottom of a drained lake basin with remaining 
water becomes paludified and turns into cotton-grass-sedge-sphagnum eutrophic fen (Carex 
aquatilis, C. rostrata, Eriophorum polystachyon, E. russeolum, Rhynchospora alba, Sphagnum 
squarrosum) [19]. If the bottom of the khasyrei contains heavy clay soil, the frost-shattered 
bursting occurs, resulting in formation of the polygonal microrelief (figure 4). We present below 
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the geobotanical description (made on 23 June 1990) of one of the polygonal khasyrei 
(64°45’31.88” N, 75°36’34.69” E), Purpe-Tanlova watershed. The micro-relief of khasyrei 
consists of tetrahedral mounds, 4–6 m in diameter and 0.3–0.4 m in height (figure 4), surrounded 
by watered sedge-cotton-grass ditches (crack-like narrows with steep slopes). A thin (5–7 cm) 
peat layer on mounds is underlain by grey soil. Dwarf shrub-lichens comprise the mounds’ 
vegetation: Andromeda polifolia (10–15%); Ledum palustre (3–5%); Betula rotundifolia (3–5%); 
Chamaedaphne caliculata (1%); Oxycoccus microcarpa (1%); Heleocharis acicularis (0.5%); 
Salix myrtilloides (< 0.5%). Lichens cover from 30 up to 90% of the mound’s surface and they 
are represented by Cladina stellaris (60%); Cl. Rungiferina (20–30%); Cetraria nevalis (3–5%); 
C. islandica (3–5%). Mosses (Sphagnum balticum) occur on separate spots of the polygon slopes 
covering from 3 to 5% of the surface. The vegetation on ditches is represented by sedge-cotton 
grasses: Eryophorum angustifolium (35–40%); E. latifolium (3–5%); Carex aquatilis (3–7%) and 
mosses: Sphagnum lindbergii (1–2%) [19]. 
 
Figure 4. Polygonal khasyrei (aerial photo 19.07.1998, 64°45’31.88” N, 75°36’34.69” E, 
Purpe-Tanlova watershed). Dark spots are lakes and ponds and dark lines surrounded white 





2.4 Cyclic development of palsa complex  
There are three basic hypotheses on the origin and genesis of palsas in Russian literature. 
According to the first hypothesis [30], the ‘frozen heaving’ of mounds yielded the negative 
forms of a relief – bog hollows. These authors believe that mounds have arisen as a result of 
freezing of initially thawed mires. The second hypothesis, first formulated by Piavchenko 
[14,20,32], is that positive forms of relief in the mound bog complexes represent frozen relics of 
peatbogs, and bog hollows are new formations which appeared owing to destruction of 
permafrost and subsidence of mire ground. The third hypothesis, proposed by Shumilova [2], 
suggests the dual genesis of the mound’s relief, connected both with permafrost heaving and 
thermokarst. In recent publications we have described the endogenous cyclic succession of palsa 
complex development [3,29]. In the first stage, the flat mounds (figure 5a,b) turn into a 
thermokarst lake, through a series of subsidences and hollows of different degrees of moistening 
(figure 5c). In the second stage, the lake inevitably turns into a khasyrei – drained thaw lake 
basin (figure 5d). The most probable origin of a khasyrei is lake drainage to the bigger lakes 
which are always situated on the lower levels and act as collecting funnels. The lower level of 
the big lake appeared when the lake accumulates a critical mass of water sufficient for 
subsidence of the lake bottom due to the melting of underlying permafrost [3]. Another way of 
lake drainage could be the lake evacuation to a river. Some authors believe [34] that the most 
typical way of khasyrei origin is the lake drainage to the subsurface (underlying rocks). In our 
opinion, it is not plausible in the northern part of Western Siberia, where permafrost layers have 
the thickness of a few hundred metres. To sum up, we can suggest four stages of khasyrei 
development: freshly drained, young, mature and old. This sequence reflects stages of repeated 
permafrost heaving from small declustered frozen mounds to recovery of palsa plateaux due to 
growing and merging of isolated mounds into khasyrei basins as illustrated in figure 6. The 
khasyrei bottom usually is from one to four metres lower than the surrounding flat palsas. In late 
summer cold air frosts go down to the bottom of the lake basin. Permafrost heaving of the lower 
bog starts again as a result of the temperature inversion and presence of permafrost below the 
khasyrei bottom. This process is further supported by the settling of sphagnum mosses which 
provide an effective thermo-insulation and protect embryonic ice lenses from melting. This leads 
to the formation of a small-mound microrelief, with small (2–5 m) dome-shaped mounds of 
regular rounded or oval form (figure 7). Lichens and dwarf shrubs typical for palsas settle on the 
surface of these small mounds. As the heaving of the permafrost continues, the isolated small 
mounds merge together and gradually turn, depending on the capacity of the peat deposit, either 
 36 
 
into a typical palsa plateau or into dwarf shrub and lichen tundra of similar appearance [3]. But 
even at this stage the edges of the drained lake basin can still be recognised in aerial photographs 
(figure 6c). Thus, the original cycle of palsa development comes to the end.  
 
Figure 5. Stages of cyclic succession of palsa complex development: a, thermokarst subsidence; 
b, initial thermokarst lake; c, young thermokarst lake; d, drained thaw lake basin – khasyrei 
(Nadym-Pur watershed, 2005). 
 
 
Figure 6. Young khasyrei 66°37’24.44” N, 74°19’58.00” E, Google Earth: a, mature khasyrei 
with young frozen peat mounds 64°41’32.74” N, 75°32’51.19” E, aerial photo, 19 June 1989; b, 
and old khasyrei 67°12’51.33” N, 75°11’20.89” E, Google Earth; c, as a last stage of cyclic 




Figure 7. Khasyrei with two young frozen peat mounds (64°40’17.3” N, 75°24’32.7” E, Puritey-
Malto area, 2005) surrounded by grassy fen. 
 
2.5 Thermokarst lakes as an important source of CO2 to the atmosphere 
Continuing processes of the permafrost thawing in Western Siberia are likely to increase 
the surface of water reservoirs via forming so-called thermokarst lakes, mobilising the organic 
carbon (OC) from the soil pool to the rivers and, finally, to the ocean, and thus modifying the 
fluxes of methane and CO2 to the atmosphere [35]. The overall potential of carbon loss from 
yedoma (permafrost) soils under a scenario of continuing warming is estimated as 1 Gt C yr-1 or 
~40 Gt C in the next four decades [36]. A significant part of this carbon flux will be mediated by 
active hydrological systems such as thaw lakes. Indeed, it has long been known that the boreal 
lakes and rivers yield a net annual CO2 evasion to the atmosphere due to the dominance of net 
heterotrophy and between 30% and 80% of the total organic carbon that entered the freshwater 
ecosystems is lost in lakes via mineralisation and subsequent CO2 emission to the atmosphere 
[37–43]. Up to the present time, however, all measurements of this flux used direct (chambers) 
or indirect (isotopes, pCO2 values) techniques to assess the concentrations of CO2 in the 
boundary air or in the liquid phase (e.g. [44]), but the chemical and microbiological echanisms of 
this process remained poorly understood. It can be suggested, that, by analogy with non-
permafrost affected environments [41,43], the net heterotrophic status of thermokarst lakes can 
be due to bacterial use of allochthonous organic carbon originated from the peat erosion. 
Recently, in order to understand the mechanisms of carbon mobilisation and 
biodegradation during permafrost thawing and to establish the link between the organic carbon 
(OC) and other chemical and microbiological parameters in forming thermokarstic lakes, we 
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performed a comparative multidisciplinary study on the biogeochemistry of OC and related 
elements in small lakes that are being formed due to permafrost thawing in the northern part of 
Western Siberia [44,45]. About 10 lakes and small ponds of various sizes and ages were sampled 
for dissolved and colloidal organic carbon and metals and total bacterial cell number. There is a 
sequence of ecosystem stages during evolution from peat thawing and palsa degradation due to 
permafrost subsidence in small ponds to large, km-size lakes subject to drainage and, finally, the 
khasyrei formation. In the chronosequence of lake formation, there is a clear decrease of the 
relative proportion of < 1 kDa (1 kDa ~1 nm) organic carbon concentration along with 
concentration of total dissolved (< 0.22 lm) organic carbon (figure 8a). The preferential use of 
smallsize organic molecules by the heterotrophic bacterioplankton in growing lakes is illustrated 
by a plot of (DOC< 1 kDa) concentration as a function of the number of eutrophic bacteria 
(figure 8b). It can be seen that there is a systematic decrease of both total (< 0.22 lm) and truly 
dissolved (< 1 kDa) organic carbon concentration in the sequence of thermokarst development. 
This evolution can be explained by the use of allochtonous organic matter and dissolved 
nutrients originated from the peat lixivation by the microbial community of the lake water 
column. The measurement of primary productivity/organic matter mineralisation in thermokarst 
lakes further supports these observations. 
 
Figure 8. Concentration of bioavailable (< 1 kDa) organic carbon as a function of total DOC (< 
0.45 lm), A, and of number of colony-forming units of eutrophic bacteria (B). These 
measurements were performed at the Pur-Nadym watershed in August 2008. 
In three lakes of intermediate and final stage of ecosystem development, from large, 
acidic lake to khasyrei mature ecosystem, the mineralisation of organic matter by heterotrophic 
bacteria clearly dominates the primary production of phytoplankton, being equal to 0.3 g 
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C/m3/day. This value strongly suggests that thermokarst lakes represent a net source of CO2 to 
the atmosphere, as is the case for all boreal lakes [37,41]. 
Two main conclusions can be drawn from our investigation of the carbon cycle in the 
chronosequence of permafrost subsidence – thaw lake – khasyrei: 1) at all stages of lake 
evolution, there is always a high amount of active OM-mineralising heterotrophic bacteria, and 
2) mineralisation processes by these microorganisms clearly dominate any possible CO2 
consumption by the phytoplankton. The intensity of organic matter mineralisation and CO2 
release to the atmosphere have been investigated only in largesize thermokarst lakes (s = 1–
10 km2 [45]. At present, there are no measurements of the CO2 production/OM degradation in 
small size thaw lakes and ponds, at the initial stage of thermokarst development via permafrost 
subsidence. But, we noted that in very young forming ponds and palsa depressions, the number 
of heterotrophic bacteria that consume dissolved organic matter achieves a plateau (figure 9). 
Since the intensity of transformation of the dissolved organic matter into CO2 depends on active 
bacteria concentration, one can suggest that the values of OM mineralisation measured on large 
lakes can be extended to smaller hydrological objects, notably the very abundant palsa 
depressions and permafrost subsidences producing young thermokarst lakes of 1 to 10 m2 surface 
area (figure 5b and 5c). 
 
Figure 9. Relationship between the number of eutrophic bacteria and total dissolved organic 
carbon in young and mature lakes of N. Western Siberia. Open symbols, young lakes and ponds 
(10–100 m2) and palsa depressions (1–10 m2); solid symbols, mature lakes (1–10 km2). 
 
A very high proportion of newly formed lakes in Western Siberia (up to 48% of the 
surface area of total surface [31,46]), and significant coverage of the surface by small forming 
palsa depressions and pits which vary from 10 up to 45–50% on different pilot sites (see below) 
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and make up an average, which is, according to our rough evaluation, equal to 25–30% of the 
surface area. There can be little doubt that the Western Siberia thermokarst lakes are likely to act 
as an important source of CO2 to the atmosphere. The CO2 flux from the lake surface to the 
atmosphere associated with microbial degradation of organic matter is estimated to be 107 ± 50 t 
C/km2/y (assuming the average depth lake of 1.0 ± 0.5 m) which is at least one order of 
magnitude higher than the organic carbon flux in rivers in the north of West Siberia (4–6 t/km2/y, 
[47]. This flux is within the range reported for other boreal and temperate lakes in the 
permafrost-free environments (175 t/km2/y, [48]; 28 t/km2/y, [41]) but significantly lower than 
that observed in boreal ponds on peatlands (300–1000 t C/km2/y, [49]) or boreal streams (1140 
t/km2/y, [41]). Since all lakes on the permafrost ground have a thermokarst origin and thus are 
similar to those in the north of West Siberia, one calculates the minimal flux of the CO2 to the 
atmosphere from 792,000 km2 of all permafrost lake area, given that 65.5% of lakes to the north 
of the Arctic Circle occur in Russia [50]. The annual input of CO2 from the Earth’s surface to the 
atmosphere due to thermokarst lakes of Northern Siberia thus amounts to 0.066 Gt C/y, which is 
significantly higher than the total riverine flux of dissolved and suspended organic carbon from 
Russia to the Arctic ocean (0.02 Gt C/y, [51]). 
 
2.6 Seasonal changes of hydrological conditions in the palsa regions 
The zone of palsas (flat mound and large mound mires) includes part of the watersheds of 
the lower Ob’ and lower Yenisey rivers, but also almost completely the watersheds of the four 
large rivers: Poluy, Nadym, Pur and Taz (see figure 1). Only the lower reaches of the Pur and 
the Taz are located in the zone of polygonal mires. Various parts of the hydrological network – 
rivers and streams, flooded plains, mires and lakes – undergo large seasonal changes in the water 
area coverage. In order to quantify the seasonal and interannual dynamic of hydrological 
network, we have used radar altimetry [52]. Nadir-looking radar altimeters are able to provide 
continuous and weather-independent observations of the Earth’s surface. The main information 
from the altimeters is the surface height (water but also land) above the reference point 
(reference ellipsoid or geoid), but the backscatter coefficient (ratio of the returned signal to the 
emitted signal, expressed in dB) can also provide interesting information on the type of surface. 
We have used radar altimeter data from ENVISAT satellite, operated since November 2002. The 
repeat period for ENVISAT is 35 days and its ground tracks provide a homogeneous coverage of 
the watershed of these four rivers (for more details see [54]). While the theoretical footprint of 
the altimeter data is about 12 km, the main part of the backscatter signal comes from a small area 
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with a diameter of 1–2 km, which occurs in the case of the quasi-specular signal over ice or calm 
water (mires, small lakes). High radiometric sensitivity and spatial resolution (18 Hz sampling 
rate provides a 380 m along-track resolution) can be successfully used for estimating the extent 
of wet and flooded zones. As calm water provides a much higher return signal than land, a 
threshold approach was used. By selecting the 20 dB as the limit value for the Ku band (13.6 
GHz) backscatter, we have classed all altimetric observations with more than 20 dB as ‘wet 
zones’. This definition includes a multitude of objects – rivers, lakes, water saturated parts of 
palsas, floodplains, etc. In order to compare watersheds with different size, we calculate the ratio 
(%) of altimetric observations classed as wet zones to the total number of observations for each 
cycle and each watershed. In the seasonal cycle there are two peaks in the wet zones extent 
(figure 10). The first peak occurs in the beginning of June and is related to snowmelt. At this 
time the wet zones occupy from 60 to 90% of the river basins. By July the melt water drains out 
or evaporates from the watershed and we observe the summer minimum in the seasonal cycle. 
This minimum can last one to two months. Due to the long days during the two summer months 
the heat balance at these high latitudes is almost the same as at the southern arid part of Western 
Siberia. This high heat flux combined with large development of the wetlands provides the high 
evaporation from the watersheds. 
 
Figure 10. Seasonal variability of wet zones extent (%) for the Poluy, Nadym, Pur and Taz 
rivers, precipitation (mm) and monthly runoff (in % of the mean annual runoff) for Taz river 
after the data from the ArcticRIMS web site. 
 
The mean annual evaporation at these latitudes calculated for the 1960s was 250–300 
mm/year and about 75% of the water evaporates during June and July [1]. The precipitation 
input during these two months is only 50–60 mm/month (figure 10). Therefore, 40–50% of the 
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water evaporated in June–July originates from the snow melting. The second peak of wet zones 
extent is observed at the end of August. The rains being high at the end of August feed the 
wetlands but the solar radiation progressively reduces, so the evaporation diminishes. This 
results in the increasing of the wetland surface and a small increase in discharge in the second 
half of September. The extent of wet zones during the summer minimum can characterise the 
area of permanent wetlands (lakes and mires) for a given watershed. The extent of the permanent 
wet zones is different between the central part of these four rivers (50% for Nadym and Pur 
rivers) and their margins (30% for Poluy and Taz rivers). This is related to the difference in the 
drainage properties of these watersheds that depend mainly on two parameters: the physical 
properties of the peat (water retaining capacity, water conductivity) and the watershed relief (the 
depth of the valleys and the slopes). The mean watershed slope for the Poluy and Taz rivers is 
higher than that of the Nadym and Pur rivers, as the southern influents of the Poluy river and 
eastern influents of the Taz river drain the local hill chains with 150–200 m of elevation. The 
elevations for the Nadym and Pur watersheds do not exceed 100 m thus favouring the 
development of wetlands. The wet zones’ summer extent from satellite radar altimetry 
corresponds well with the historical estimates of the surface of mires and lakes made in the 
1960s–1970s using topographical maps [53]. 
 
2.7 Present day climate driven changes of palsa peatlands in Western Siberia 
The process of peat accumulation on the mounds has completely stopped nowadays [3]. 
At the same time, numerous bog hollows, lakes, drain valleys and khasyreis, in which the active 
accumulation of peat occurs, have appeared as the result of thermokarst and thermoerosion. At 
present, the thermokarst is the leading cryogenic process in the subarctic area of Western Siberia 
and there is a linear character to the cyclic succession of development of palsa [3]. Landslide 
permafrost melting [3] in the West Siberian cryolithozone which, according to our observations, 
started at the beginning of the twentyfirst century, has notably changed the landscape pattern: the 
number of bog hollows and embryonic lakes has increased as well as the number of drained thaw 
lake basins (occupied by cotton-grass-sedge-sphagnum swamps) in the southern part of the 
permafrost zone and the number of expanding lakes in its northern part has increased [54]. When 
we were studying these processes in the Noviy-Urengoy–Pangody area near the Polar Circle in 
August of 2004, we discovered that the degree of thermokarst activity was unusually increased 
compared to the early 1990s. Since 2004 thermokarst activity has increased even more and new 
forms of permafrost thawing have appeared (figure 11). Through increasing thermokarst 
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activity, two contrasting processes are observed in the West-Siberian cryolithozone: i) the 
increase of lake surface due to thawing of lake coast (mainly in the northern part of Western 
Siberia), and ii) the decrease of the surface area or disappearance of lakes due to water escape to 
the bigger lakes and hydrological networks [33]. Both processes can be assessed by using space 
images collected at different times [29,55]. 
 
 
Figure 11. New forms of thermokarst: the rests of melting frozen mounds (a, b) surrounded by 
rings of water. 
 
The small lakes are especially important in the context of continuing environmental 
changes and gas emission to the atmosphere. Walter et al. [50] evaluated the total lake area of 
Western Siberia using the fine-scale lake database of Lehner and Doll [56]. However, they 
excluded lakes smaller than 0.1 km2 and therefore significantly underestimated the amount and 
area of thermokarst lakes [52,57]. At the same time, numerous small lakes in northern Siberia are 
particularly important contributors to CH4 ebullition [58]. On the other hand, small lakes exhibit 
the largest fluxes per unit area because their low area to perimeter ratio causes lake-margin 
carbon inputs via thermokarst erosion and aquatic plant production to be relatively less important 
[52]. Satellite monitoring (1973–2008) has revealed zonal specifics of geocryological processes. 
To compare the cryogenic processes in different permafrost zones we selected 24 pilot sites in 
three different zones of the West Siberian permafrost: continuous, discontinuous and patchy 
zones. Summarised areas of thermokarst lakes were determined in each test sites for the period 
of observation (36 years) by calculating the index (R) of relative changes for lakes areas [29]. 
Figure 12 shows the dependence of R on the geographical latitude of different pilot sites. It is 
clear that the relative change of the lake areas demonstrates different trends depending on the 
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latitude. In the zone of continuous permafrost, thermokarst lakes mainly expanded their areas by 
about 4–6%. In the zone of discontinuous permafrost, the process of lake drainage prevails 
yielding the decrease of the lake areas by about 6–8%. Finally, in the zone of patchy permafrost 
the processes of expanding and shrinking lakes are balanced and the R value is close to zero. 
These features are most likely linked to the thickness of the peat layers which gradually decrease 
from south to north. As a result, the opportunity for lake drainage is lower in the north than 
in the south. 
 
 
Figure 12. The index of relative change of make areas (%) during 36 years of observation at 24 
pilot sites of Western Siberia versus geographical latitude. Normalised values of thermokarst 
lake areas changes depending on latitude. 
 
2.8 Conclusions 
Being the dominant landscape features of the West Siberian sub-arctic zone, palsas are 
strongly subjected to climate warming. As a result, they play a critical role in the process of 
greenhouse gas emissions from newly formed and existing thermokarst lakes. At present, this is 
not sufficiently taken into account both on the regional and global scale; besides, the irreversible 
process of palsas melting has not yet been recognised. Palsas are extremely sensitive to climatic 
changes and are reliable and important indicators of climate variability. Climate driven changes 
in the complex mosaic of palsas in Western Siberia are more dramatic than in other northern 
regions due to the severe continental climate here, which makes this region one of the best 
natural sites for studying this phenomenon. The Western Siberia thermokarst (thaw) lakes are 
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likely to act as an important source of CO2 to the atmosphere. The contribution of thermokast 
lakes to the CO2 cycle may be comparable and even higher than the organic carbon flux 
transported by rivers. Satellite radar altimetry provides the possibility to estimate the extent and 
variability of flooded and wet zones for various watersheds. Satellite monitoring has revealed 
zonal specifics of the geocryological processes. In the zone of continuous permafrost, 
thermokarst lakes have expanded their areas by about 4–6%. In the zone of discontinuous 
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This work describes the current state of thaw lake and pond ecosystems, the mechanisms 
of their formation and succession, which was assessed via field work during several summer 
campaigns, and the laboratory analysis of water samples that were collected in the northern part 
of western Siberia within continuous and discontinuous permafrost zones. We analyzed the 
elemental chemical composition of lake waters as a function of lake diameter, over more than 
two orders of magnitude of the lake size, and described the peculiarities of the elemental 
composition of the thermokarst water body ecosystem during various stages of lake 
development. We revealed significant correlations between Fe, Al and dissolved organic carbon 
(DOC) and various chemical elements across a latitude gradient of approximately 900 km. 
Several groups of chemical elements were distinguished that reflect the dynamic succession of 
the studied area of water bodies. Combining the data of the studied latitude profile with the 
information available in the current literature demonstrated that the average dissolved elemental 
concentrations in lakes of different size ranges exhibit specific dependencies on the latitude 
position, which is presumably linked to 1) leaching of the elements from frozen peat, which is 
the main source of solutes in thermokarst lakes, 2) marine atmospheric aerosol depositions, 
notably at the proximity to the sea border, and 3) short-range industrial pollution of certain 
metals from the largest Russian arctic smelter. We discuss the evolution of thermokarst lake 
chemical compositions during their formation and drainage and foresee the consequences of 









The wetland ecosystems of the subarctic region of western Siberia act as unique natural 
indicators of climate change because these ecosystems are most sensitive to alterations in the 
natural environment. The main reason for this sensitivity is the presence of frozen peat deposits, 
which become highly unstable under climate warming scenarios and thermokarst development 
(Kirpotin et al., 1995, 2003, 2008; Kirpotin and Vorobiov, 1999; Kravtsova and Bystrova, 2009; 
Callaghan et al., 1999; Muldiyarov et al., 2001). Until recently, the majority of studies on 
thermokarst, i.e., the thawing of ice-rich permafrost or the melting of massive ground ice (i.e., 
Jorgenson et al., 2008), have been performed in Canada, Alaska, Mongolia, China, Antarctica 
and Eastern Siberia (see Kokelj and Jorgenson (2013) for a review and Boike et al. (2013) for a 
description of the Lena River Delta Observatory), with relatively little attention to the vast area 
of western Siberia where the largest resources of potentially highly unstable frozen peat 
resources are concentrated. The majority of frozen peat in this region is present as palsa-like 
raised bog complexes that are subjected to permafrost thaw and lake formation. Thermokarst 
lake formation is a dominant mode of permafrost degradation that consists of a surface 
disturbance, the subsequent melting of ground ice, surface subsidence and water impoundment 
(Grosse et al., 2013). The concept of the cyclic development of raised bog complexes was 
suggested by Scandinavian researchers (Matthews et al., 1997; Sollid and Sorbel., 1998), and 
further developed for western Siberia several years ago (Kirpotin et al., 2007, 2008, 2011). 
Briefly, the process of soil thaw starts from permafrost subsidence at the flat bog with the 
formation of a soil depression, which is an “embryo” of the thaw lake that continues growing and 
increasing its size until it achieves the km-size mature stage. At this stage, the lake may be 
drained via connecting to another water body or to a hydrological network, thus forming the 
drained lake or khasyreys. On the dry bottom of khasyreys, the frozen peat bogs starts to thaw, 
thus initiating the new cycle of thermokarst lakes. The described process may be well traced on 
satellite images; the analysis of this information allows the conclusion that, currently in the north 
of western Siberia, the dominant processes are permafrost degradation and the increasing number 
of small thaw lakes (Kirpotin et al., 2009; Bryskina and Kirpotin, 2012). 
Thermokarst lakes of western Siberia are relatively poorly studied, with only a few 
studies reporting their hydrochemical composition (Savchenko, 1992; Leonova, 2004; Leonova 
et al., 2005; Moskovchenko, 2010; Pokrovsky et al., 2011; 2013; Savichev et al., 2011; 
Manasypov et al., 2012; Shirokova et al., 2013). Within the northern border of the discontinuous 
permafrost, a limited number of thaw lakes and ponds near the town of Novyi Urengoy have 
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been investigated (Shirokova et al., 2009; Audry et al., 2011). The major goal of the present 
study was to extend the coverage of permafrost lake sampling much further to the north, in the 
continuous permafrost and coastal regions, to reveal conceptually novel features of landscape 
and latitude control on the hydrochemistry of thaw water bodies. We anticipate that achieving 
this goal should allow us to quantify the average dissolved organic carbon (DOC), major and 
trace element (TE) concentrations and stocks in the thermokarst lakes all across the permafrost-
bearing zone of western Siberia and to predict the magnitude of possible changes of these 
parameters using the “substitute space for time” approach (Frey et al., 2007). Frey et al. 
investigated a suite of large and small rivers and streams that were located from 55°N to 69°N of 
the West Siberian Plain and demonstrated a distinct change in the stream water hydrochemistry 
from the permafrost-free zone, where the rivers are fed by groundwater, to the permafrost-
bearing zone, where the main feeding is due to surface peat dissolution. However, no significant 
gradient was found in the stream water chemical composition within the permafrost zone, 
northward of 61°N. The thermokarst lakes of this study, which are located exclusively within the 
permafrost-bearing zone, may offer a new dimension to the evaluation of the permafrost effect 
on surface water hydrochemistry. Indeed, the lakes better integrate multiple processes at the 
landscape level and have significantly higher spatial resolution due to their much smaller 
watershed areas than those of rivers and streams. For this purpose, the West Siberian Plain 
presents an ideal case study given the following characteristics: 1) contrasting permafrost 
coverage, from sporadic to continuous, 2) homogeneous geomorphological / orographic context; 
3) high homogeneity of peat soil and underlain Neocene clays and sands over a significant 
latitude profile and 4) relatively easy access to study sites thanks to the existing infrastructure, 
which is linked to the oil and gas industry. 
Based on the recently collected and available literature data, we aimed to answer the 
following questions: 
1) Is there a latitude gradient of DOC and TE concentrations in thermokarst lakes that are 
at the same stage of development (subsidences, ponds, large lakes and drained lakes)?  
2) Is it possible to establish a functional dependence between the dissolved lake water 
component concentration and the lake surface area and to extend these dependences for the 
whole territory of the western Siberia permafrost zone?  
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3.3 Study sites and methods 
The studied region is located within a tundra and forest-tundra zone of the northern part 
of western Siberia wetlands, within the discontinuous and continuous permafrost zones (Fig. 1). 
This region is dominated by the presence of small thermokarst (thaw) lakes of less than 1 km2 
surface area; their total surface area is estimated at 44000 km2 (Rikhter, 1963; Domaniczkii et 
al., 1971; Ivanov and Novikov, 1976; Kravtsova and Bystrova, 2009). The water objects 
investigated in this work are primarily thermokarst lakes that are located within peat sphagnum 
bogs; the bottom sediments of the lakes are dominated by peat detritus. Active thermokarst 
occurs due to the thawing of syngenetic and epigenetic segregation ice, ice wedges and ice layers 
in the deep (> 2 m) horizons and primarily due to the ice thawing of the active layer (< 2 m). 
Because of thermokarst activity, various negative relief forms are developing: depression, 
subsidences and ponds, which are usually separated by flat mound peat bogs up to 2 m in height 
(Kozlov, 2005). The largest thermokarst lakes that are located within the peat bog are km-size, 
with a depth of 0.5-1.5 m (Savchenko, 1992; Kozlov, 2005).  
All sampled thermokarst lakes of western Siberia were separated into five stages of 
evolution, depending on the lake diameter and, presumably, on the age, as follows: 2 to 10 m, 11 
to 100 m, 101 to 500 m, > 500 m and drained lakes (khasyreys) to 5000 m, which correspond to 
1st, 2nd, 3rd, 4th and 5th stages, respectively. The separation of these different stages was based on 
the already described chronosequence of lake formation and cyclic development (cf., Kirpotin et 
al., 2007; 2008; Pokrovsky et al., 2011). The lake diameter was determined on-site using a GPS 
navigator and verified from the topographical and Google Earth® maps. The sampling was 
performed within three major study sites, as depicted in Fig. 1: (1) the continental zone, 
including the district of Pangody (Yamalo-Nenetsk Region), west of the Novyi Urengoy region 
in August 2010; (2) east of the Novyi Urengoy region in August 2011, and (3) the coastal zone, 
around the village of Gyda in August 2011. Sites 1 and 2 lay within the discontinuous permafrost 
zone and site 3 is located within continuous permafrost zone. Using all-terrain 8-wheels vehicle 
(ARGO 8x8 700 HD), we sampled in total 43 thermokarst lakes of the continental zone and 15 
lakes of the coastal artic zone. To characterize the variability of thermokarst lakes along a ~1000-
km latitude profile, previously collected data on lake water hydrochemistry in the southern part 
of the cryozone (Nojabrsk region, Shirokova et al., 2013) were also used. Note that because of 
hydrocarbon extraction, the surface water and groundwater may be contaminated with oilfield 
brines (e.g., Collins, 1975; Alexeev et al., 2004). However, all the studied lakes and thaw ponds 
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lay outside the oil extraction fields. Thaw lakes are located within the largest natural gas 
provinces which present relatively little impact on surface ecosystems. 
Water samples were collected from the surface (0.3 to 0.5 m) of shallow (0.5 to 1.5 m 
depth) lakes in pre-cleaned polypropylene 250-mL containers and filtered on-site or within 4 hrs 
after sampling through disposable MILLEX Filter units (0.45 µm pore size, 33 mm diameter) 
using sterile plastic syringes and vinyl gloves. The first 20-50 mL of the filtrate was discarded to 
allow for filter conditionings. The filtered sample was divided into two parts: one is acidified 
with bidistilled nitric acid for cation and trace element analyses and the other part is kept without 
acidification for DOC and anion analyses. The samples were kept in the refrigerator before the 
analyses; the effect of sample storage and conditioning on measured elements and DOC 
concentrations was found to be absent. Field blank experiments were routinely performed via 
filtering the MilliQ water and analyzing the final element concentration; these blanks were found 
to be < 5% of typical concentrations for DOC and major cations and anions, < 10% for divalent 
metals (Zn, Cu, Fe, Cd, Pb) and < 2% for the other trace elements (TEs). 
Concentrations of DOC, Cl-, SO42-, Alk, cations, and TEs were measured using methods 
that are routinely practiced in our laboratory for the analysis of boreal, organic-rich, low-
mineralized water samples (see Vasyukova et al., 2010; Pokrovsky et al., 2010, 2011, 2012). TEs 
were measured using inductively coupled plasma-mass spectrometry (ICP-MS, Agilent 7500 ce) 
with indium and rhenium as internal standards and a precision of better than ± 5 %. The 
international geostandards SLRS-4 and SLRS-5 (Riverine Water Reference Material for Trace 
Metals certified by the National Research Council of Canada) were used to check the validity 
and reproducibility of each analysis. A good agreement was obtained between our replicated 
measurements of SLRS-4 and the certified values, with a relative difference of < 10 % except В 
и Р (≤ 30 %). In addition to these analyses, all lake water samples were measured using a high-
resolution ICP MS (Element XR) with a factor of 100-1000 higher detection limit for most 
elements and a relative uncertainty of analysis between 5 and 10 %. This high resolution greatly 
increased the detection limit of many elements and improved the precision of the analyses while 
avoiding interferences. The average agreement between two ICP MS instruments for the 
majority of the TEs was within 10-15 %. The non-acidified sample was used for 1) Si 
determination with ammonium molybdate on an AutoAnalyzer 3 Bran+Luebbe with ± 2% 
uncertainty and a 10 µg/L detection limit; 2) DOC analyses with total combustion at 800°C using 
a Pt catalyzer (TOC-VCSN, SHIMADZU) with 5% uncertainty and a detection limit of 0.1 
mg/L; UV absorbency at 280 nm (spectrophotometer Varicen, Cary 50 Scan. UV-Visible); 
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measuring chloride and sulfate using liquid chromatography (DIONEX ICS-2000) with an 
uncertainty of 2 % and a detection limit of 0.02 mg/L. Element concentrations and speciation 
data were analyzed with best fit functions based on the method of least squares, Pearson 
correlation and one-way ANOVA with the STATISTICA version 8 software (StatSoft Inc., 
Tulsa, OK). Regressions and power functions were used to examine relations between element 
concentrations and lake surface areas. Correlation coefficients were calculated to elucidate 
relations between organic carbon / Fe and TE concentrations in lakes. A criterion of a significant 
correlation between elements was Pearson coefficients that were higher than 0.5 (R2 ≥ 0.5). The 
ANOVA method was used to test the differences in average TE concentrations and DOC 
parameters as well as concentration – lake surface regression slopes for different geographic 
territories. The ANOVA test was carried out with a one-way analysis of variance by using the 
Dunn’s method due to the different number of samples for each zone (SigmaPlot version 
11.0/Systat Software, Inc). In this method, P < 0.05 indicates that the difference in the median 
values is important and statistically significant. In contrast, P > 0.05 indicates that the differences 
in the median values are not statistically significant and that these differences may stem from 
random sampling variability.  
 
3.4 Results and Discussion 
3.4.1 Major anions, conductivity and pH 
All studied thermokarst subarctic lakes from the continental zone are primarily fed by the 
atmospheric source as determined from the analysis of major anions (Table 1). Chloride and 
sulfate concentrations range from 0.014 to 1.12 and from 0.04 to 1.1 mg/L, respectively, which 
matches the range of the values that are typical for atmospheric precipitates in this region 
(Granat, 1972; Savichev, 2005; Moskovchenko and Babushkin, 2012). Among all studied lakes, 
however, there is one lake that exhibits an elevated sulfate concentration (3.5 mg/L), and this 
lake has a different, deep blue color on the remote satellite images of the territory (not shown) 
(sample RM20, Table 1). This lake is most likely the primary deep lake, which is subjected to 
the influence of underground waters. Similar “blue” lakes were reported on the Tazovsky 
Peninsula (Kuzin et al., 2012). The total dissolved solid concentration of thermokarst lakes of 
subarctic (continental) western Siberia vary slightly among different sizes and stages of 
development, with an average of 2.7±1.1 mg/L.  
It is known that the surface waters of the southern part of Gyda Bay are enriched in Na+ 
and Cl- (Tomberg et al., 2011). Indeed, the lakes of the coastal arctic zone that were sampled in 
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this work contain from 0.6 to 6.9 mg/L of chloride and from 0.02 to 1.6 mg/L of sulfate. The 
large variability of these ion concentrations likely reflects the different degree of marine aerosol 
influence, which is illustrated in Fig. 2, where chloride concentration is presented as a function 
of lake diameter for discontinuous and continuous permafrost zones. The total dissolved salt 
concentration of thermokarst lakes of the coastal arctic zone of Western Siberia is equal to 
9.0±5.2 mg/L and ranges from 3.3 to 22.7 mg/L.  
The analysis of the conductivity of thermokarst lake waters from the continental zone, 
which reflects total dissolved solid content, does not demonstrate any significant variation 
among the different stages of lake development, although the maximal values of conductivity (~ 
20 to 30 µS cm-1) are recorded on the 1st and 2nd stages. Overall, the studied waters have low 
mineral content, with the typical conductivity ranging from 10 to 17 µS cm-1. 
In the Arctic coastal zone, the conductivity is significantly higher (73 µS cm-1 on average, 
with a range from 40 to 250 µS cm-1), which corresponds to higher major ion concentrations 
(Fig. 3). Disregarding a small depression, which presumably has marine aerosol influences, the 
coastal lakes of Gyda exhibit an increase in conductivity with an increase in the lake size (Fig. 
3). This observation may be linked to increasing connections of large lakes to the groundwater 
network and to saline deep waters, given the proximity to the sea. These groundwaters are absent 
in the southern part of studied territory, which is far from the coast. From Fig. 3, the studied 
thermokarst lakes exhibit the lowest specific conductivity in comparison with other permafrost 
thaw water bodies that are reported in the literature, such as the Lena Delta (Abnizova et al., 
2012). Such a low specific conductivity of western Siberia thermokarst lakes of the continental 
zone stem from the organic, and not the mineral, nature of the surrounding substrate. 
The pH of thermokarst lakes from the continental site ranged from 3.9 to 5.4; generally, 
the 1st stage exhibited more acidic conditions compared with the other stages of lake 
development (Fig. 4). This higher acidity stems from the impact of acidic peat leaching on the 
lake water chemistry, which is more pronounced at the beginning of thawing, at high solid 
substrate/surface fluid ratios. This observation is illustrated by a distinct trend of increasing pH 
with increasing lake size in this region. In contrast, the coastal lakes of the arctic zone, which are 
located within clay and sand bedrocks, are influenced by spring flooding and by the proximity to 
the sea and thus exhibit a significantly higher pH that ranges from 6.2 to 6.6. Therefore, the 
majority of the studied western Siberian thermokarst ponds and lakes are significantly more 
acidic than the other thermokarst water bodies in North America, Fennoscandia or Eastern 
Siberia. Only the coastal Gyda site exhibits circumneutral pH values, which are certainly due to 
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the effect of marine deposits as solid substrates. 
 
3.4.2 Dissolved Organic Carbon 
A high concentration of dissolved organic matter (DOM) is among the major specific 
parameters of studied thermokarst lakes. In the Russian boreal zone, organic matter leaching 
from peat and bog soils provides a significant concentration of DOM and a low concentration of 
inorganic ions (Alekin, 1953). As a result, the DOM often constitutes more than 50% of total 
solutes, particularly in the northern part of western Siberia, such as the Tazovsky district 
(Savchenko, 1992). Overall, the DOC concentration of the studied lakes shown in Fig. 5 is 
within the trends that have been reported among the discontinuous permafrost zone of the Novyi 
Urengoy region (Pokrovsky et al., 2011), the discontinuous / sporadic permafrost region 
(Shirokova et al., 2013) and the upland lakes of the Mackenzie Delta region (Kokelj et al., 2005). 
At the same time, western Siberia thaw lakes are richer in DOC compared with lakes of the 
Canadian subarctic (Laurion et al., 2010; Boushard et al., 2012) and the Lena Delta (Abnizova et 
al., 2012). 
Analyses of thermokarst lakes from the continental zone demonstrated a higher 
concentration of DOC at the 1st and 2nd stages of development (18.1±15.4 and 15.3±8.1 mg/L, 
respectively) compared with the mature stages (11.0±4.3 and 11.1±3.4 mg/L, for 3th and 4th 
stages, respectively) (Fig. 5). Such a progressive decrease in the DOC concentration during 
ecosystem development, which corresponds to thermokarst lake growth and maturation, may 
stem from the combination of two parallel processes: 1) the enrichment of the water column 
during peat soil leaching at the lake border and the thawing of soil surface ice, and 2) the 
heterotrophic mineralization of DOM by aerobic bacterioplankton in the water column. Both 
processes have been demonstrated to operate in thermokarst lakes of discontinuous (Pokrovsky 
et al., 2011) and sporadic/discontinuous (Shirokova et al., 2013) permafrost zones. Upon a 
progressive increase in the ratio of [water volume] to [board perimeter], the input of 
allochthonous DOM to the lake decreases, whereas the intensity of heterotrophic respiration of 
DOM into CO2 remains constant, thus leading to a decrease in the DOC concentration during 
thaw lake ecosystem maturation. An additional reason for the decrease in the DOC concentration 
in large mature lakes may be the photo-oxidation of high molecular weight organic substances in 
the water column, which is fairly well-known in other boreal (Jonsson et al., 2001; 2008) and 
subarctic aquatic systems (Pokrovsky et al., 2011; Shirokova et al., 2013). After large lake 
drainage and khasyreys formation on the last, or 5th, stage of development, the DOC content 
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increases again to 15.6±3.6 mg/L. This increase may be linked to the presence of aquatic plants, 
phytoplankton and periphyton, which contributes to the production of autochthonous 
exometabolites, thus increasing the DOC level in the thermokarst lake water (Audry et al., 2011). 
Similar phenomenon also observed in the Mackenzie Delta lakes (Tank et al., 2009, 2011). 
The DOC in the water column of the arctic lakes from the coastal zone of the Gyda 
region ranged from 3.2 to 21.3 mg/L, with the highest concentrations that were encountered in 
the smallest (< 100 m diameter) water objects. The average DOC concentration was equal to 7 
mg/L, which is a factor of 2 lower compared with continental lakes. This difference is in general 
agreement with the trend of increasing DOC concentrations from the forest toward the forest-
tundra and tundra zones, with minimal DOC concentrations observed in lakes that are located 
several hundred km north of the tree line (Vincent and Pienitz, 1996).  
 
3.4.3 Major and trace element concentration in thermokarst lakes 
The specificity of studied water objects is that Fe and Al are among the major dissolved 
components in the water column and that the speciation of the majority of trace elements is 
controlled by their association with Fe, Al-rich organo-mineral colloids and allochtnous organic 
matter that originated from peat leaching at the border (Pokrovsky et al., 2011). The progressive 
change of the lake water chemical composition during lake cyclic development and maturation 
seems to be controlled by DOM mineralization via heterotrophic aerobic bacterioplankton, 
which leads to colloid coagulation and the transit of dissolved mineral components to the 
sediments (Audry et al., 2011). This observation suggests the existence of correlations between 
different elements that are involved in the same processes or, in the case of major and trace 
components, the capability of controlling each other. Examples of correlations between lake 
water major parameters (Al, Fe, DOC and specific conductivity) are shown in Figure 6. Whereas 
Fe and Al exhibit a significant correlation with DOC over the full size of lakes and ponds both in 
continuous coastal and discontinuous continental sites, this correlation is not the case for specific 
conductivity, which is also correlated with DOC but exhibits two distinct pattern of 
dependencies, with the arctic coastal zone of continuous permafrost abundance being distinctly 
enriched in dissolved salts at a rather low range of DOC. 
The highest concentrations of Fe, Si and DOC are observed at the beginning of lake 
formation, and the lowest concentrations of these components are encountered in large mature 
lakes, as illustrated on plots of major and TE concentrations as a function of the lake diameter 
(Fig. 7 A-F). The arctic coastal lakes of continuous permafrost zone exhibit significantly higher 
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concentrations of alkali and alkaline-earth elements compared with the continental (southern) 
thermokarst lakes (Fig. 7 A-D). This observation is most likely due to the influence of sea salts, 
whether as marine aerosols or as underground feeding by saline waters. Notably, hosted rocks of 
the arctic lakes represented by Neocene marine clay deposits also contain a significant amount of 
easily exchangeable alkali and alkaline earth metals. 
Average measured element concentrations in the water column of studied thermokarst 
water objects from the southern (continental) zone are listed in Table 2 and can be classified as 
following, for the first ten most abundant elements:  
1st, the initial stage of the thermokarst depression and soil subsidence (the diameter of the water 
surface is from 2 to 10 m): Fe > Si > Ca > Na > Mg > Al > K > Mn > Zn > Cr; 
2nd stage (the diameter is from 10 to 100 m): Ca > Fe > Si > Mg > Na > Al > K > Mn > Zn > Cr; 
3rd stage (the diameter is from 100 to 500 m): Ca > Na > Si > Mg > Fe > K >Al > Mn > Zn > Cr; 
4th stage (the diameter is > 500 m): Ca > Na > Mg > Si > K > Fe > Al > Zn > Mn > Sr, and 
finally,  
5th stage of drained lake or khasyreys: Ca > Si > Fe > Mg > Na > Al > K > Mn > Zn > Sr. 
Therefore, one can observe a systematic evolution of the thermokarst lake chemical 
composition, from Fe-Si waters at the beginning of thaw lake formation to Ca-Na-Mg 
dominance in mature lakes of the 4th stage. The terminal 5th stage of lake development is 
characterized by the increase in the relative contributions of Si, K and Fe, which is likely due to 
the production and decay of macrophytes and phytoplankton in the remaining khasyrey’s water 
bodies.  
The arctic coastal lakes exhibit the following order of dissolved element concentration 
decrease: Na > Mg > Ca > K > Si > Fe > Al > Zn > Sr > Mn. Therefore, the studied lakes of the 
coastal continuous permafrost zone (Gyda) are similar to the mature thermokarst lakes of the 4th 
stage from the discontinuous permafrost, with a somewhat smaller contribution of Fe and Si and 
an increased contribution of Na due to the proximity to the sea.  
The obtained data on the thermokarst lake composition allowed us to distinguish four 
groups of chemical elements, which reflects the dynamic succession of lake development, from 
the 1st to the last stage: (1) Element concentration decreases from 20 to 90% during lake 
maturation: Cr, Cs, Mo, Ga; (2) Element concentration increases by 35 to 55 %: Ca, Li, Mg, Se; 
(3) Element concentration is the highest at the initial and terminal stages and is the lowest in 
mature thermokarst lakes of > 100 m diameter with the relative variation among different stages 
from 26 to 83 %: As, Co, Fe, Al, Si, Cd; (4) Element concentration is the lowest at the beginning 
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and at the end of ecosystem development and is the highest in mature lakes that are larger than 
100 m in diameter: V, U, Rb, B, K and major anions (Cl-, SO42-) with the relative variations 
between 32 and 83%. The decrease in 1st and 3rd element group concentrations over the course of 
development of the lake ecosystem may be linked to the essentially colloidal status of these 
elements, which are present as organo-ferric HMW (1 kDa – 0.45 µm) entities as determined by 
the size fractionation procedure that was applied to thermokarst lake waters of western Siberia 
(Pokrovsky et al., 2011; Shirokova et al., 2013). The decrease in DOC and Fe concentrations 
over the course of lake ecosystem development leads to a decrease in the concentration of 
allochthonous organo-mineral colloids, which bind these trace elements.  
The other elements in the thermokarst lakes did not demonstrate any systematic 
variations as a function of lake stage development, and statistically significant differences among 
different stages are not demonstrated. 
 
3.4.4 Trace element concentration dependence on lake diameter 
The correlation coefficient between element concentration and lake diameter is element-
specific and generally negative, i.e., the concentration decreases with the increase in lake 
diameter, as seen for DOC, Al, Fe, Mn, Co, Zr, REEs, Th (Table 3). Examples of typical 
relations between the element concentration and water body diameter are illustrated in Fig. 8 A, 
B, C and D for several groups of trace elements: divalent metals (Co, Zn, Cd, Cu, Pb and Ni), 
oxyanions and neutral molecules (Mo, Sb, Cr and As), trivalent and tetravalent hydrolysates (Al, 
Ga, Ti, Zr) and soluble, marine aerosols/saline deposits – originated elements (B, Sr, Rb and U), 
respectively. For thermokarst lakes of the continental subarctic zone, clear tendencies of TE 
concentrations with the change in the water body size and significant differences in element 
concentrations at different stages of lake development with a similar size of the water body (i.e., 
2nd stage and khasyreys) are observed.  
Results from the arctic coastal lake zone follow the general tendency that was drawn by 
the data that were collected in the discontinuous permafrost zone of the continental region; 
however, there are also some peculiarities. For example, the concentration of the antimony is 
several times smaller in the arctic coastal lakes of the continuous permafrost zone compared with 
sites I and II of the discontinuous permafrost (Fig. 8 B). In accord with significantly less acidic 
pH of the latter, the concentration of typical insoluble elements, such as Al or Zr, in > 100 m 
diameter lakes is significantly smaller in the Gyda region compared with the continental zone 
(Fig. 8 C). Tetravalent hydrolysates (Ti, Zr, Hf, Th) do not exhibit any significant difference in 
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their concentrations at different stages of lake development, beginning with the 2nd-3rd stage until 
the drained lake stage (khasyreys). This observation may suggest the absence of the visible 
external input of silicate material from underground sources or atmospheric dust deposits (Fig. 8 
C). 
The decrease in element concentrations with the water body size increase are typical for 
the elements that are supplied to the lake water from the peat and plant litter leaching and that 
are then actively removed from the water column during chemical and microbiological processes 
without significant atmospheric or underground input. For example, this observation may be true 
for all divalent transition metals (Fig. 8 A). Elements exhibiting the influence of atmospheric or 
underground input from sea salts are Rb, Sr, B and U (Fig. 8 D). These elements demonstrate a 
concentration increase with lake diameter increase to the 4th stage, before lake draining.  
To reveal the specificity of the chemical composition of thermokarst lakes at the 
beginning of their formation, we calculated the ratio of average element concentrations in the 
lakes of the 1st stage of formation (permafrost subsidences and depressions < 10 m diameter) to 
the average value of all other stages, which is illustrated as a stack diagram in Fig. 9. From this 
figure, we see that, at the beginning of lake formation, significant enrichment (≥ factor of 2) of 
the lake water by Fe, Si, Ga, Pb, Cd and insoluble trivalent and tetravalent elements that are 
bound to DOC and Fe occurs. Upon the development of the lakes and the increase of their size, 
Zn, Ba, Y, Ce, and La decrease their concentrations, whereas K, Rb, Se, Li, Cu, and, to a lesser 
degree, Mg, B, and Sb increase their concentrations. The significant increase in K (and its 
isomorphic Rb) upon lake maturation may be linked to the release of these elements from 
decaying plant litter and from aquatic macrophytes that are present at the final stage of lake 
evolution. Minimal changes in concentration were recorded for Na, V, Sb, U, Ca and Mn. These 
elements are not strongly associated with organo-ferric colloids. As such, these elements are not 
correlated with DOC, Fe or Al, which are the major colloidal components of the lake water that 
are subjected to significant transformation during the course of lake maturation. In addition, 
these elements do not have significant external sources (atmospheric aerosols, industrial activity) 
and, thus, act as highly conservative constituents of thermokarst lake water in western Siberia.   
 
3.4.5 Correlations between elements in the thaw lakes water bodies 
In agreement with previous investigations in the northern (Novyi Urengoy region, 
Pokrovsky et al., 2011) and southern (Nojabrsk region, Shirokova et al., 2013) discontinuous 
permafrost zones, there was a significant correlation between Fe, Al and DOC concentrations in 
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the lake water. There was a lack of correlation between any of these elements and alkali (Li, Na, 
K, Rb, Cs), alkaline–earth elements (Mg, Ca, Sr, Ba) and anions (Cl-, SO42-), as well as trace 
elements that are not linked to organic or organo-mineral , such as Мо, Sb, B, Y, Mn, Ni, and W. 
Additionally, Si and As, although present in the form of neutral molecules, exhibited significant 
correlation with Fe rather than DOC (R² = 0.84 and 0.71, respectively, Fig. 10 A, B). For Si, 
which does not have any colloidal form, this link may suggest the input of Si from the soil at the 
beginning of water body development, concomitant with that of Fe and its removal from the 
water column by diatoms or aquatic macrophytes at the terminal stage of the lake development 
cycle. The control of Fe colloids over As speciation in boreal and thermokarst lake waters is 
fairly well-known (Pokrovsky et al., 2012, 2013). 
Among the divalent heavy metals, only Co, Cd and Pb exhibit a significant correlation 
with Fe or DOC (Fig. 10 C-E). Whereas the concentration decrease for Co upon lake ecosystem 
maturation may reflect its uptake by growing phytoplankton cells and by scavenging to the 
sediments upon their death, the decrease of Pb concentration is likely to be linked to the decrease 
of its input from coastal peat abrasion during lake broadening, thus leading to a decrease in the 
ratio of lake border (representing the source provenance) to lake volume or lake surface 
(representing metal sink in the sediment). The significant accumulation of Pb in peat deposits is 
fairly well-known (Shotyk et al., 2000). Notably, the direct atmospheric (aerosol) deposition on 
the thermokarst lake water surface within the continental discontinuous permafrost sites should 
be rather small. If such an input was significant, then the concentration of these elements should 
remain rather constant for all stages (surface areas) of sampled water objects that all have similar 
depths (0.5 to 1.5 m). In addition, Cd exhibits two clusters of data points in its correlation with 
DOC (Fig. 10 E). Almost a three-fold decrease in Cd concentration was observed both for arctic 
coastal and continental subarctic lakes during 3rd and 4th stages and in khasyreys. This likely 
reflects the change of metal source in the lake water depending on stage and the active biological 
uptake of this metal upon the lake maturation and lake size increase.   
The rare earth elements (REEs) exhibited significant differences in concentrations in the 
thermokarst lake waters of the continental subarctic and arctic coastal zones. In the former, REEs 
correlate only with Al (R² = 0.51 and 0.59 for La and Yb, respectively), whereas in the latter, 
REEs correlate with DOC, Al and primarily with Fe (R² = 0.50, 0.88, 0.79 for La; R² = 0.68, 
0.92, and 0.97 for Yb, respectively). Concentrations of REEs decrease with the increase in the 
lake size, similar to other trace metals that are controlled by organo-mineral colloids, as 
described above.  
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Overall, the observed correlation dependencies may reflect 1) the common source of 
materials, such as soil peat or deep silicate rocks, for Ca, Si, Al, Ti, Zr, Hf, Pb, and U 
(Pokrovsky et al., 2011); 2) element-specific mobilization mechanisms in the form of organic 
and organo-mineral colloids, which are particularly visible for Fe, Al, trivalent and tetravalent 
hydrolysates (Shirokova et al., 2013); 3) processes of biological uptake and release (Zn, Mn, Co, 
Mo, Cu, Si, P, Cd) in the water column, which are particularly pronounced during hot summer 
periods (Pokrovsky et al., 2013); and 4) the sedimentation of solid phases containing TEs in the 
sediments and the diffusional flux to the bottom layers (As, Sb, Se, Cd, Pb) (Audry et al., 2011). 
 
3.4.6 Comparison of TE concentrations in the thermokarst lakes with average world 
concentrations in surface waters 
To the best of our knowledge, there is no comprehensive database on trace element 
concentrations in lakes; therefore, no “world average” value can be recommended. As such, we 
will use the available data for other boreal, subarctic and arctic lakes (Pokrovsky et al., 2011; 
2012) and the average clark concentration in the river water (Gaillardet et al., 2003). The surface 
waters of the northern part of western Siberia present a low concentration of total dissolved solid 
and labile major and trace elements, such as Na, Mg, Si, K, Ca, Li, B, Mn, Rb, Sr, Mo, Ba, and 
U, which primarily originated from deep and shallow groundwater discharge during water-host 
rock interactions. Essentially, the peat (organic) nature of the hosting solid substrate for 
thermokarst lakes brings about elevated DOC and acidic pH waters compared with other thaw 
lakes that are located within the mineral substrates in the continental part of eastern Siberia 
(loesses) and the Alaskan arctic, particularly the Mackenzie Delta (i.e., Kokelj et al., 2009). TE 
concentrations in western Siberian thermokarst lakes are much higher compared with the 
following: 1) Al, Mn and Fe concentrations in the water column of the Imandra Lake of the Kola 
Peninsula (8, 10-22, and 17 µg/L, respectively, Ingri et al., 2011); 2) metal concentrations in the 
lakes of Canada’s Northwestern Territories (Pienitz et al., 1997a, b; Rühland and Smol, 1998; 
Lim et al., 2005; Côté et al., 2010), the Canadian High Arctic (Lim et al., 2001; Michelutti et al., 
2002a, b; Antoniades et al., 2003 ) and arctic Alaska (Kling et al., 1992); and 3) the chemical 
composition of lakes in central Yakutia (Kumke et al., 2007; Wetterich et al., 2008) and northern 
Eurasia (Duff et al., 1999; Solovieva et al., 2005). An illustration of the difference in trace 
element composition between western Siberia thermokarst lakes and boreal, organic-rich lakes of 
non-permafrost zone (Pokrovsky et al., 2012). The majority of major and trace element dissolved 
in waters of thermokarst lakes from continuous and discontinuous permafrost zone are in lower 
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abundances compared to typical boreal humic lake of the same level of DOC. Note that this 
conclusion is based on rigorous statistics of 50 water objects studied in this work and more than 
7 years of systematic measurements in the boreal non permafrost zone. 
Elevated DOC in the form of allochthonous organic and organo-mineral colloids 
enhances the mobility of usually inert elements, such as trivalent and tetravalent hydrolysates; as 
a result, the transport of these elements from the soil substrate to the lake water increases. 
Compared with the world average concentrations in the river water, all stages of thermokarst 
lakes exhibit significant enrichment by elements whose migration in natural waters is controlled 
by organic and organo-mineral colloids, such as Al, Fe, Ti, Cr, Co, Ni, Zn, Y, Zr, Cs, La, Hf, and 
Pb (Fig. 11). This figure indicates that several metals, such as Ti, Cr, Ni, Cu, Zn, and La, are 
strongly accumulated in thermokarst lake waters compared with river waters.  
 
3.4.7 DOC and metal concentration in thermokarst lakes of western Siberia across a 
900-km latitude and permafrost profile  
A straightforward way of predicting surface water changes under a climate warming 
scenario is by “substituting space for time”, which has previously been used for western Siberian 
rivers (Frey et al. 2007). Such an approach assumes that the contemporary difference on local 
and global scales within the climate gradient, which is created by latitude or by permafrost 
coverage and thickness, can serve as a proxy for future changes of a given system. The 
permafrost degradation leading to a shift from continuous to discontinuous and sporadic 
distribution will be the most important factor controlling the concentration of dissolved organic 
carbon and trace elements in western Siberia thermokarst lakes over next several decades. 
Indeed, given the large geographic coverage of the studied thermokarst lakes, i.e., ~10° latitude 
along a strongly pronounced gradient of permafrost thickness from discontinuous and sporadic in 
the south of Nojabrsk district to continuous in the Gyda region, one can test the effect of climate 
or latitude position on lake water hydrochemistry. Note that such a representation may be 
partially biased by the fact that Gyda lakes are located within the proximity to the sea and, 
therefore, are subjected to the influence of arctic aerosol depositions. For this analysis, we used 
geometric mean values of element concentrations in lakes that were sampled during the summer 
period 2008-2012 for four size ranges of thermokarst water bodies: depressions smaller than 10 
m diameter, thaw ponds less than 100 m diameter, small and medium lakes of 100 to 500 m 
diameter (the dominant type of water bodies in the region) and mature lakes at the final stage of 
their development, with a diameter larger than 500 m. For this analysis, we selected the major 
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components of the lake water (DOC, pH, Ca, K), low-soluble trace metals (Al, Zr), several 
environmentally important heavy metals, such as Mn, Co, Cu, Ni, Pb and Cr, and soluble 
elements bearing the signature of marine deposits or aerosols (Sr, Mo). There are four distinct 
patterns of element concentrations in the lake water as a function of lake position on the latitude 
profile that is illustrated in Figs. 12 A-L: (1) A decrease in element concentration from the south 
to the north with a factor of 2 to 4 (DOC, Pb, V, Ga, Ba, Sb), (2) nonsystematic evolution of 
concentration with a relatively small variation in the latitude with less than a factor of 2 decrease 
from south to north (Si, Fe, Al, As, REEs), (3) a maximum concentration at the northern border 
of the discontinuous permafrost site in the continental zone of the N Urengoy site, up to factor of 
5 compared with adjacent sites and a factor of 2 to 3 decrease to the northern site sites (Mn, Co, 
Cd, Cs, Zr, Hf, Th); and (4) an increase in concentration from the south to the north, notably in 
the coastal Gyda zone, with a factor of 3 to 10, depending on the element and the size of the 
water body (specific conductivity, Cl, SO4, Ca, Na, Mg, K, Li, B, Sr, Rb, Mo, W, U, Zn, Cu, Ni 
and Cr). Although based on sufficient statistics (> 100 lakes, ponds and depressions across the 
permafrost-bearing zone), this classification should be considered a first order approximation of 
element behavior along the latitudinal profile, given that i) depending on the water body size 
range, the degree of element concentration changes may vary by ± 100% from the values given 
above, and ii) the same element (such as Sb) may belong to more than one group of TEs with 
overall concentration decreases with a local maximum at the Novyi Urengoy site.  
The latitudinal profile of DOC concentration, which was based on average values of 
different size thermokarst lakes of Western Siberia, from discontinuous / sporadic to continuous 
permafrost zone, demonstrates a general decrease [DOC], more than three times from the initial 
stage (< 10 m lake) to mature lakes of > 500 m diameter (Fig. 12 A). For example, within the 
sequence of lake size / stage of development, in the sporadic permafrost abundance of the 
northern taiga zone, the DOC concentration decreases from 36.6±12.6 tо 12.7 mg/L, in the 
forest-tundra zone of discontinuous permafrost this decrease is from 43.9±34.7 tо 11±2.8 mg/L 
and in the tundra zone of continuous permafrost it decreases from 19.7±1.5 tо 4.4±0.5 mg/L. It is 
therefore possible that the increase of thermokarst thawing in the north of western Siberia will 
increase the concentration of DOC in small size surface water bodies to as much as 300%. This 
observation may be due to the enhanced mobilization of organic carbon from peat deposits at 
elevated temperatures and to an increase in the duration of the active period. In contrast, large 
size (mature) lakes that are subjected to draining are likely to decrease the DOC concentration, 
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which may be linked to the decrease of the thickness of peat layer deposits feeding the lakes 
within the transect from the south to the north. 
The effect of atmospheric local and long-range input can be accessed via the comparison 
of dissolved element concentrations in otherwise similar thermokarst lakes that are located at 
different distances from the sea or from the industrial pollution center. It can be seen that, with 
the approach to the sea (northward), the concentration of Ca2+ and major cations and anions as 
well as typical trace elements that are enriched in the seawater relative to the continental waters, 
such as Sr (Fig. 12 M) and Mo (Fig. 12 N), increases for the lakes of all size ranges. Concerning 
the heavy metal behavior, there is a pronounced increase of Cu, Ni and Cr concentrations (Fig. 
12 I, K and L, respectively) in the most northern region of the continuous permafrost zone (Gyda 
site) within a distance of approximately 300 km from the largest arctic smelter (Cu-Ni-Cr 
processing factories in Norilsk). This increase is clearly observed for large lakes, which are more 
capable of integrating the atmospheric deposition. For the other heavy metals, the effect of the 
proximity to the sea or to the industrial center is not clearly pronounced. It is noteworthy that the 
concentration of Pb decreases northward, with the change of permafrost regime from 
discontinuous / sporadic to continuous (Fig. 12 J). This decrease may reflect the decrease of the 
intensity of Pb leaching from peat, which is known to accumulate this element (Shotyk et al., 
2000). This decrease of leaching intensity is due to the decrease of the active (unfrozen) layer 
depth that can supply the peat and related elements to the lake water, as also discussed in the 
section “Correlations between elements in the thaw lake water bodies”. 
It follows that, with progressive heating of western Siberian soils, the thawing of the 
frozen peat, the increasing depth of the active layer and moving the tree line northward, the 
concentration of most insoluble trace metals that are bound to organic and organo-ferric colloids 
will increase by a factor of less than 2. The elements that are enriched in peat, such as Pb, V, and 
Ba, may increase their concentration in thermokarst lakes by a factor of 2 to 3 if the depth of 
unfrozen peat deposit feeding thaw lakes increases. Soluble elements, such as alkali and alkaline-
earth and elements bearing the signature of marine deposits (Li, B, Sr, Rb, Mo, W, U), are likely 
to remain conservative, given that their maximal concentration is observed already at the most 
northern continuous permafrost site. An increase by a factor of 2 for DOC and most TE 
concentrations are demonstrated to occur due to water warming and prolonged summer drought 
in western Siberia (Pokrovsky et al., 2013), which may further accentuate the organic and 





Toward a better understanding of chemical composition of thermokarst (thaw) lake 
waters in the subarctic, this work revealed general features of thaw depressions, ponds and lakes 
in the continental part of the discontinuous and coastal region of the continuous permafrost zone 
of the northern part of western Siberia. Within the discontinuous permafrost zone of thermokarst 
lakes, we observe a systematic evolution of water body chemical composition during water 
ecosystem development, from small permafrost subsidences and depressions and thaw ponds 
toward large size thermokarst lakes. This trend consists of decreasing DOC, Fe and many 
insoluble chemical element concentrations during ecosystem maturation and lake size increase, 
which is most likely linked to peat leaching at the lake border and heterotrophic DOM 
transpiration in the water column. After lake drainage and active macrophyte growth in the 
khasyreys (drained lakes), the DOC and some elements, such as K, Rb, Cu, Mg, B, and Sb, 
increase again due to active autochthonous biological processes.  
Compared with “continental” lakes that are located at the watershed divide of the 
discontinuous permafrost zone, the coastal thermokarst lakes of continuous permafrost exhibit a 
factor of 2 to 10 lower concentration of DOC and most insoluble elements (Al, Fe, trivalent and 
tetravalent hydrolysates), a factor of 2 to 5 higher concentration of anions, alkali and alkaline-
earth elements, and these lakes do not exhibit any clear tendency in the majority of dissolved 
constituent chemical compositions as a function of lake size, which is strongly influenced by the 
proximity to the sea. This difference is important for the extrapolation of the obtained 
hydrochemical data to larger territories of subarctic water bodies, given that the majority of 
available information on thermokarst lakes in other subarctic regions belongs to the coastal zone.  
Based on the current state of permafrost rocks in the north of western Siberia, one can 
foresee the increase in the intensity of thermokarst processes on this territory (Kirpotin et al., 
2009; Bryksina et al., 2009; Bryskina, 2011; Dneprovskaya et al., 2009; Bryksina, Kirpotin, 
2012). This increase should lead to an increase in the number of small soil subsidences and 
permafrost depressions, together with the decrease in the number of large (mature) lakes. As a 
result, one can expect an increase in the concentration of dissolved, but low, bio-available soil 
organic matter and most trace metals that are present as organic and organo-mineral colloids. 
Based on empirical dependencies between the size (stage development) and concentrations of 
dissolved (< 0.22 µm) trace elements, the average concentration increase may range from 200 to 
400 %. Further drainage of these water bodies to the river networks may bring about significant 
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increases in OC, metal nutrients and insoluble elements that are delivered from the wetland zone 
to the Arctic Ocean. 
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Figure 1. Map of the studied region. Sites 1, 2 and 3 correspond to the continental zone of 
discontinuous permafrost, including the district of Pangody (Yamalo-Nenetsk Region), west of 
the Novyi Urengoy region in August 2010; the east of the Novyi Urengoy region in August 
2011, and the coastal zone, around the village of Gyda within the zone of continuous permafrost 





Figure 2. Aqueous chloride concentration as a function of the lake size in continnetal subractic 
zone (from the 1st to the 4th stage of formation and khasyrei shown by diamonds, rectangulas and 




































Figure 6. Dependency of conductivity (A), Fe (B) and Al (C) concentration on DOC 

























































Figure 9. The ratio of element average concentration in the lakes of 1st stage of formation to the average 













Figure 10. As (A) and Si (B) concentration as a function of Fe concentration in the water column of 
thaw lakes. Correlations between Co (C), Pb (D) and Cd (E) concentration and that of DOC in 











Figure 11. Concentrations of major and trace elements in two types of studied lake waters and the 






Figure 12. The evolution of lake water pH, DOC, Ca, K concentration in thermokarst lakes as a 
function of latitude in disocntinuous / Sporadic and continuous permafrost zone of western Siberia. The 
average values with standard deviation are calculated for each stage of lake development, corresponding 
to different lake diameter. In addition to the results of the present study, data of Shirokova et al., 2009; 



























Table 1. Physical and major chemical parameters of studied lakes.  













65˚59'32.9''/77˚51'23.1'' RM1 2nd stage 32 4.29 13.3 14.8 0.15 0.63 0.29 
65˚59'34.6''/77˚51'13.4'' RM2 2nd stage 90 4.73 6.1 3.67 0.059 0.63 0.03 
65˚59'34.5''/77˚51'07.4'' RM3 1st stage 6 4.82 8 10.7 0.091 0.23 0.21 
65˚59'40.6''/77˚51'10.3'' RM4 1st stage * 8 6.92 3.1 4.14 0.061 0.31 0.048 
65˚59'42.8''/77˚51'09.0' RM5 1st stage * 7 4.74 5.5 8.21 0.04 0.048 0.1 
65˚59'42.8''/77˚51'04.3'' RM6 1st stage * 5 4.6 5.4 6.05 0.035 0.18 0.077 
65˚59'43.0''/77˚51'00.6'' RM7 1st stage * 3 4.73 6.3 5.82 0.051 0.16 0.12 
65˚59'42.4''/77˚50'49.7'' RM8 1st stage 6 4.38 14 21 0.079 0.058 0.41 
65˚59'39.6''/77˚50'22.8'' RM9 3rd stage 123 4.83 6.8 4.31 0.12 0.62 0.08 
65˚59'49.3''/77˚51'25.3'' RM10 1st stage 10 4.23 14 9.59 0.13 1.06 0.2 
65˚59'49.3''/77˚52'09.2'' RM11 4th stage 507 5.35 4.6 4.05 0.074 0.46 0.047 
66˚00'33.9''/74˚45'42.3'' RM13 1st stage 8 3.97 32.9 36.4 0.041 0.062 1.25 
66˚00'33.8''/74˚45'39.2'' RM14 1st stage 9 3.91 29.2 31.5 0.016 0.066 0.89 
66˚00'34.0''/74˚45'34.9'' RM15 1st stage 10 4.03 27.2 47.9 0.044 0.038 0.96 
66˚00'34.9''/74˚45'28.0'' RM16 3rd stage 445 4.85 14.9 16.2 0.14 0.48 0.57 
 96 
 
66˚01'01.2''/74˚45'21.4'' RM17 4th stage 520 4.5 14.8 15.6 0.16 0.51 0.51 
65˚55'31.8''/74˚46'41.1'' RM18 5th stage 260 4.45 12.5 14.2 0.018 0.26 0.34 
65˚55'28.8''/74˚46'45.8'' RM19 5th stage 40 4.93 12.2 13.9 0.02 0.16 0.36 
65˚55'16.1''/74˚49'02.7'' RM20 4th stage 1080 4.98 17.6 8.62 0.2 3.51 0.12 
65˚52'10.5''/74˚52'46.4'' RM21 2nd stage 94 4.43 10.9 9.34 0.1 0.42 0.29 
65˚54'09.9''/74˚08'57.2'' RM22 5th stage 60 4.54 12.2 16.9 0.031 0.13 0.44 
65˚53'07.0''/75˚10'37.7'' RM23 4th stage 810 5.01 11.6 9.75 0.3 0.89 0.19 
65˚53'29.8''/75˚11'37.7'' RM24 4th stage 860 4.85 10 12.5 0.13 0.34 0.27 
65˚53'58.2''/75˚12'38.2'' RM25 4th stage 1100 4.93 12.4 13.1 0.24 0.96 0.26 
65˚54'15.0''/75˚12'24.0'' RM26 5th stage 147 4.8 8.8 13.6 0.02 0.15 0.31 
65˚51'55.7''/75˚20'22.7'' RM27 5th stage 110 4.8 11.4 17.2 0.027 0.24 0.4 
65˚51'51.5''/75˚20'19.1'' RM28 5th stage 54 5.05 11.4 17.3 0.089 0.05 0.41 
65˚51'59.5''/75˚16'49.9'' RM29 5th stage 15 4.34 21.6 21.4 0.021 0.26 0.61 
65˚51'57.8''/75˚16'37.0'' RM30 5th stage 85 4.49 15.6 18.5 0.094 0.41 0.45 
65˚52'44.9''/74˚57'42.7'' RM31 3rd stage 490 4.84 9.1 11.4 0.12 0.32 0.29 
65˚47'47.1''/75˚27'08.1'' RM32 4th stage 1200 4.87 8.9 10.2 0.14 0.33 0.22 
65˚47'22.8''/75˚28'31.0'' RM33 2nd stage * 86 6.42 10.4 13.9 0.054 0.48 0.35 
65˚46'47.4''/75˚28'11.7'' RM34 3rd stage 140 5.14 11.2 10.8 0.16 0.11 0.24 
65˚46'39.8''/75˚27'34.9'' RM35 5th stage 50 4.86 10.9 15.5 0.038 0.045 0.47 
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65˚45'31.8''/75˚30'51.4'' RM36 5th stage 56 4.89 7.3 7.88 0.026 0.18 0.16 
65˚45'00.0''/75˚31'07.4'' RM37 4th stage 540 5.22 12.6 12.4 0.34 1.09 0.23 
65˚44'11.0''/75˚32'57.0'' RM38 2nd stage 55 4.43 15.4 14.8 0.016 0.24 0.41 
65˚44'18.5''/75˚33'20.0'' RM39 2nd stage 42 3.9 35.8 27.8 0.027 0.61 0.85 
65˚44'23.5''/75˚33'21.8'' RM40 4th stage 1120 4.66 13.3 13.5 0.18 1.004 0.34 
66˚00'58.6''/74˚47'42.5'' RM41 2nd stage 54 4.29 18.2 8.73 0.022 0.17 0.56 
66˚01'01.6''/74˚47'45.5'' RM42 2nd stage 88 4.12 26.3 27.3 0.027 0.17 0.82 
66˚01'18.2''/74˚47'32.1'' RM43 3rd stage 154 4.71 11.1 12.4 0.076 0.28 0.37 
66˚00'28.9''/74˚48'30.7'' RM44 2nd stage 62 4.41 18.5 17.3 0.014 0.12 0.53 
70˚50'42.7''/78˚33'33.8'' RM46 arctic lake 525 6.52 57.7 4.92 3.85 0.46 0.076 
 RM47 arctic lake 400 6.35 63 5.36 3.04 0.64 0.101 
70˚53'43.8''/78˚22'7.5'' RM48 arctic lake 150 6.18 40.7 5.15 1.01 0.042 0.011 
70˚51'4.3''/78˚33'16.2'' RM49 arctic lake 440 6.58 60.6 8.18 6.94 0.22 0.096 
70˚51'31.3''/78˚33'8.1'' RM50 arctic lake 12 6.46 64 18.2 4.14 0.2 0.072 
70˚51'49.3''/78˚32'44.4'' RM51 arctic lake 50 6.22 253 21.3 4.13 1.62 0.54 
70˚51'51.9''/78˚30'18.1'' RM52 arctic lake 295 6.42 59.5 4.2 1.51 0.22 0.34 
70˚52'42.2''/78˚28'7.9'' RM53 arctic lake 700 6.42 66.5 3.81 1.96 0.082 0.078 
70˚53'9.3''/78˚28'11.3'' RM54 arctic lake 365 6.3 76.5 3.82 6.65 0.42 0.037 
70˚53'29.9''/78˚22'14'' RM55 arctic lake 203 6.19 43.5 3.21 1.64 0.16 0.043 
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70˚53'19.6''/78˚22'8.2'' RM56 arctic lake 305 6.21 42.1 4 1.87 0.016 0.049 
70˚53'16.3''/78˚22'41.8'' RM57 arctic lake 502 6.5 115 4.35 1.9 0.073 0.055 
70˚53'16.1''/78˚25'0.6'' RM58 arctic lake 130 6.48 43.5 7.54 0.6 0.17 0.12 
70˚50'44''/78˚36'6.9'' RM59 arctic lake 230 6.51 62.2 5.79 3.8 0.6 0.104 
70˚53'33''/78˚30'19.6'' RM60 arctic lake 300 6.45 46.5 5.79 2.22 0.34 0.12 
Footnote: EC - specific conductivity, DOC - dissolved organic carbon, UV 280nm - ultraviolet absorption at a wavelength of 280 nm, “*” - basins and 
subsidence, filled with low-mineralized rain water which do not reflect the dynamics of the succession of lakes in chemical composition.  
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Table 2. Average (± 2s) and the range of element concentration in thermokarst lake waters of different stages from the Novyi Urengoy region (1st-5th 
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1.07±0.36 - 1.84 



































































































































0.41±0.03 - 0.07 






























0.063±0.033 - 0.04 

























































































































































0.002±0.001 - 0.0055 



























































































































The nominator represents the minimal and maximal value and denominator represents the average value with standard deviation; n is the number of 
studied water objects; * stands for [Gaillardet et al., 2003] 
 
Table 3. Pearson correlation coefficients between element concentration and thaw lake size (arctic coastal lakes (Gyda)) 
 










FEATURES OF THE ELEMENTAL COMPOSITION OF LAKE WATERS AND 
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This work provides information on the current state of lake and wetland ecosystems in northern 
West Siberia, and describes the mechanisms of their formation and succession. Elemental 
composition of lake water and macrophytes of the four most typical subarctic lake ecosystems in 
Western Siberia were analyzed using ICP MS. As a model of biogeochemical system, we selected 
species of Menyanthes trifoliata L. The general dynamics of chemical elements concentration in the 
Menyanthes trifoliata L. in all four ecosystems demonstrates the minimal concentrations of rare 
earth elements, whose mobility in fresh watersand bioavailbility are low Similar properties are 
exhibited by all three- and tetravalent hydrolysates. We also calculated, at  each of the four stages of 
lake ecosystems development, the coefficients of biological accumulation of chemical elements by 
Menyanthes trifoliata L. (Kb) relative to the water. This revealed that the Menyanthes trifoliata L. 
strongly accumulates heavy metals, such as Pb, Zn, Sr, Co those sources may be both global factors 
(atmospheric transport, water treatment, etc.) and various types of local pollution occurring as a 
result of anthropogenic impact on ecosystems of the north. 
 
Published online: Oct 2012. 
 
Key words: Thermokarst subarctic ecosystems of Western Siberia, elemental composition, lake 
water; Menyanthes trifoliata L.; coefficient of biological accumulation.  
 
With increasing anthropogenic impact on the environment, including local contamination as 
a result of human activities as well as global pollution through long-range atmospheric transport, 
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the question of accumulation trace elements on all levels of aquatic ecosystems is becoming 
increasingly important.  
Thermokarst lakes of the northern regions of of Western Siberia as objects of hydrochemical 
and biogeochemical researches remained, up to present time, insufficiently studied: there are only 
fragmentary data on the hydrochemical composition of lake water and the biogeochemical 
processes occurring in the thermokarst lakes.  
In this work, we studied thermokarst lakes with coasts composed of peat sphagnum moss, 
peat sediments and detritus. As a biological model we selected the plant macrophyte Menyanthes 
trifoliata L. 
The general dynamics of chemical elements concentrations in Menyanthes trifoliata L. in all 
four ecosystems are very similar. However, there are some differences, in plants growing in the 
intertidal zone of thermokarst lakes most in comparison with other ecosystems, with respect to 
concentrations of K, Sb, Pb and Ba. Plants growing in the old khasyrei are mostly enriched by 
major elements such as Mg and Ca and trace elements Mn, Co, Rb, Sr, Cs. Minimumal 
concentrations in plants of all ecosystems are typical for rare earth elements, immobile in fresh 
waters and biologically unavailable for plants, as well as for three- and tetravalent hydrolysates. 
In the course of work were calculated the coefficients of biological accumulation of 
chemical elements in Menyanthes trifoliata L. relative to water (Kb) for all the four stages of lake 
ecosystems development. 
High values of Kb are exhibited by macronutrients which are necessary for plants’ life cycle 
(K, Mg, Na); these values vary dependent on the stage of lake development. In particular with the 
lake maturation we observe the decrease of Kb value for Mg, but also the increases the Kb of Na. 
The elements actively accumulating in Menyanthes trifoliata L. are Rb, Sr, Ba, Pb, which 
may be partially linked to possible contamination of the water reservoir (Pb). Data on the number 
of other elements  obtained in the course of the work are in agreement to previously published 
works by other authors (i.e., high content of Mn, Pb, and low content of Cr). Another heavy metals 
strongly accumulating in grass Menyanthes trifoliata L. are Pb, Zn, Sr, Co, which may indicate 




С возрастанием антропогенного влияния на природную среду, локальное загрязнение 
в ходе хозяйственной деятельности человека и глобальное загрязнение через дальний 
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атмосферный перенос, вопрос о накоплении микроэлементов во всех звеньях водных 
экосистем приобретает все большее значение [1]. Термокарстовые озера как объекты 
гидрохимического и биогеохимического исследования слабо изучены для севера Западной 
Сибири, имеются лишь фрагментарные данные по гидрохимическому составу озерных вод и 
биогеохимическим процессам, протекающим в термокарстовых озерах [2–5].  
Перенос веществ в водной среде является одним из важнейших процессов, 
обеспечивающих круговорот веществ, стабильность биогеохимических циклов. Особенности 
ландшафтно-геохимической структуры лесоболотной зоны Западно-Сибирской равнины 
оказывают большое влияние на состав поверхностных вод, которые очень ярко отражают 
специфику природной среды этого региона [6].  
Озерно-болотные экосистемы субарктики Западной Сибири являются уникальными 
природными индикаторами климатических изменений, будучи наиболее чувствительны к 
изменениям климата в виду их пограничного положения в пределах криолитозоны [7, 8]. До 
недавнего времени ландшафт мерзлых бугристых болот находился в достаточно стабильном 
состоянии. Наблюдалась своеобразная «пульсация» поверхности, обусловленная взаимными 
переходами элементов ландшафта. Общая схема этого процесса может выглядеть 
следующим образом: просадка участка плоскобугристого болота с образованием мочажины 
– «эмбрионического» озера, затем озеро начинает расти и, достигнув определенного размера, 
сбрасывает свои воды в другой водоем, образуется хасырей (спущенное озеро), в хасырее 
происходит мерзлотное пучение, что приводит к образованию мерзлых бугров – началу 
цикла развития термокарстовых озер (рис. 1). Этот процесс хорошо дешифрируется на 
космических снимках за многолетний цикл наблюдений, их анализ позволяет говорить, что в 
настоящее время на севере Западной Сибири происходят процессы деградации многолетней 




Рис. 1. Схема циклической сукцессии развития плоскобугристых болот: По [7] 
 
4.2 Материалы и методики исследования 
 
Изученные нами водные объекты представляют собой термокарстовые озера с 
берегами сложенными торфяными сфагновыми мхами, донные отложения представлены 
торфяным детритом. Термокарст развивается за счет вытаивания сингенетических и 
эпигенетических сегрегационных льдов, растущих и погребённых повторно-жильных и 
пластовых льдов. В результате образуются озёра, западины и другие отрицательные формы 
рельефа, разделённые обычно плоскобугристыми торфяниками высотой 2–4 м. Наиболее 
крупные термокарстовые озёра, возникающие в торфяниках, имеют размеры до нескольких 
км [9]. Вода озер богата гуминовыми веществами, за счет этого она окрашена в темные 
цвета. Все термокарстовые озера данного района относят к ультрапресным с 
преимущественно атмосферным питанием; температура воды в мелкокотловинных озерах 
мало отличается от температуры воздуха [10]. 
Диаметр водного зеркала озер определялся на месте с помощью GPS-навигатора. 
Отбор проб проводился в Надым-Пурском междуречье, в окрестностях п. Пангоды (Ямало-
Ненецкий автономный округ) (рис. 2) в 2010 г., было обследовано 4 наиболее характерных 






Рис. 2. Карта района исследований (Надым-Пурское междуречье), показывающая четыре 
изученных озерных экосистемы. Изображение из GoogleEarth 
 
Таблица 1 Данные измерений физических и гидрохимических параметров опробованных 
термокарстовых озер 
Стадия 


















74˚08'57,2'' 4,54 12,20 16,94 0,00014 0,03 0,13 




75˚20'19,1'' 5,05 11,40 17,27 0,00014 0,09 0,05 
Примечание. Анализы выполнены в лаборатории Геологические науки в окружающей 





Пробы озерных вод отбирались на литорали озер в зарослях макрофитов с 
поверхности (30–35 см) в химически чистые полипропиленовые стаканы объемом 250 мл, 
затем воду фильтровали на месте или в течение 4 ч после отбора через мембранные фильтры 
MILLEX Filter Unit (Millipore, США) с диаметром пор 0,45 мкм с использованием 
стерильных шприцов. 
Образец фильтрованной озерной воды делился на два полипропиленовых флакона, 
предварительно вымытых в чистой комнате, одну пробу подкисляли добавлением 2% HNO3 
(0,01 мг) (анализ элементного состава), вторую не подкисляли. До проведения анализа пробы 
хранили в холодильнике. 
Не консервированную пробу делили на следующие виды анализов: определение 
кремния с молибдатом аммония на автоанализаторе AutoAnalyzer 3. (Bran+Luebbe, 
Германия); определение содержания органического углерода методом полного сжигания 
растворенного органического углерода при 800˚С на платиновом катализаторе с дальнейшим 
определением СО2 методом инфракрасной спектроскопии, на приборе TOC-VCSN 
(SHIMADZU, Япония), предел обнаружения 1–100 мг/л; погрешности 2–3%; определение 
хлоридов и сульфатов проводилось методом жидкостной хромотографии высокого 
разрешения в интервале 0,05–10 мг/л, на приборе DIONEX ICS-2000 (DIONEX, США).  
Как известно, наиболее активными компонентами круговорота фитомассы и 
биогенных элементов в болотных сообществах являются зеленые ассимилирующие органы 
растений – надземная часть, листья, хвоя [11].  
В качестве модельного биогеохимического объекта опробования выбран вид 
Menyanthes trifoliata L. – Вахта трехлистная (рис. 3), являющийся типично пресноводным 
(условно-пресноводным) олиготрофным гидрогигрофитом, встречающимся во всех 
флористических провинциях Сибири [12, 13]. Вахта трехлистная наиболее активно по 
сравнению с другими травянистыми растениями участвует в биогеохимических процессах 
озерно-болотных экосистем данной территории. При разложении ветоши и корней вахты в 






Рис. 3. Вахта трехлистная в лесотундровой зоне Западной Сибири 
 
После отбора, водные растения тщательно промывались водой и помещались в 
осмотические пакеты фирмы Osmofilm (Франция) для высушивания до воздушно-сухого 
состояния и избегания различного рода загрязнений.  
Подготовку проб к анализу проводили методом кислотного разложения смесью 
азотной, плавиковой и хлорной кислот, в стаканах из фторопласта. Перед разложением 
высушенные растения растирались в агатовой ступке и доводили до постоянного веса при 
температуре 105˚С в течение 5 ч. 
Элементный состав макрофитов и подкисленных проб воды определяли на 
квадрупольном ICP-MS Agilent 7500 се (Agilent Technologies, США) с добавлением 
внутреннего стандарта In + Re. Предел обнаружения 1 нгр/л–1 мг/л в анализируемом 
растворе; погрешность 0,1 нгр/л.  
 
4.3 Результаты исследования и обсуждение 
 
Термокарстовые озера данной территории характеризуются низкими значениями pH, 
но как видно из табл. 1, этот показатель растет в процессе развития озерных экосистем. Ранее 
нами было показано [4, 15], что на всех этапах развития термокарстовых озер субарктики 
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Западной Сибири показатель растворенного органического углерода уменьшается, т.к. 
доминирующей формой растворенного органического вещества являются аллохтонные 
фульвокислоты и гуминовые кислоты, поступающие в воду при выщелачивании из торфяной 
почвы [4].  
Нами установлена тенденция увеличения показателя РОУ в конечной стадии развития 
озер, возможно, это связано со степенью зарастания макрофитами литорали озер и 
образованием автохтонного органического вещества, вследствие чего, происходит 
увеличение содержания РОУ в озерных водах. 
Полученные в результате анализов данные по составу вод термокарстовых озер и 




Таблица 2 Элементный состав озерных вод и Вахты трехлистной в четырех озерно-болотных экосистемах севера Западной Сибири 
Хим. 
элементы 


















B 1,600 2,200 2,900 2,000 20,000 4,400 7,000 10,100 6,300 
Na 204,400 269,000 246,300 186,300 5000,000 1217,000 893,200 2694,000 2712,000 
Mg 283,600 196,300 509,300 322,000 2900,000 852,200 1286,000 2147,000 1854,000 
Al 166,600 90,200 100,500 47,000 160,000 119,200 45,400 33,800 51,700 
K 11,500 63,900 119,300 28,900 2000,000 2289,000 6558,000 5407,000 3842,000 
Ca 489,600 423,600 687,900 420,700 12000,000 851,100 1651,000 2905,000 1868,000 
V 0,200 0,450 0,150 0,160 1,000 0,260 0,095 0,090 0,180 
Cr 2,800 4,040 3,600 4,100 1,000 0,170 0,055 0,044 0,080 
Mn 17,200 14,700 31,600 6,200 10,000 41,100 66,200 315,400 91,700 
Fe 742,100 136,300 200,600 151,700 40,000 954,800 304,000 185,500 1278 
Co 0,690 0,380 0,490 0,160 0,300 0,740 0,620 0,960 1,400 
Ni 2,500 2,800 3,100 2,800 2,500 1,400 1,500 2,100 2,200 
Zn 20,500 9,400 9,700 7,200 20,000 37,100 32,900 30,000 34,000 
As 0,870 0,410 0,530 0,480 2,000 0,270 0,073 0,083 0,360 
Rb 0,055 0,200 0,280 0,096 2,000 9,600 17,900 24,400 17,400 
Sr 4,900 4,200 4,700 3,400 50,000 9,900 17,100 25,400 18,200 
Y 0,094 0,046 0,140 0,039 0,700 0,058 0,020 0,028 0,060 
Zr 0,300 0,130 0,260 0,110 2,600 0,260 0,035 0,060 0,048 
Mo 0,057 0,097 0,061 0,065 1,000 0,021 0,036 0,030 0,022 
Sb 0,048 0,056 0,044 0,041 1,000 0,006 0,020 0,004 0,009 
Cs 0,012 0,019 0,012 0,011 0,030 0,017 0,026 0,050 0,046 
Ba 5,800 4,300 2,500 1,700 30,000 15,800 26,800 19,200 16,900 
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Окончание таблицы 2 
La 0,065 0,037 0,110 0,029 0,050 0,120 0,067 0,077 0,110 
Ce 0,190 0,092 0,300 0,074 0,080 0,160 0,049 0,063 0,140 
Pr 0,024 0,011 0,037 0,011 0,007 0,017 0,004 0,007 0,015 
Sm 0,022 0,015 0,032 0,011 0,008 0,010 0,004 0,004 0,011 
Eu 0,013 0,011 0,013 0,007 0,001 0,003 0,002 0,002 0,003 
Gd 0,029 0,018 0,041 0,016 0,008 0,011 0,003 0,004 0,009 
Tb 0,003 0,004 0,004 0,001 0,001 0,002 0,001 0,001 0,001 
Dy 0,018 0,011 0,025 0,008 0,005 0,009 0,003 0,004 0,009 
Ho 0,005 0,005 0,006 0,003 0,001 0,002 0,001 0,001 0,002 
Er 0,012 0,014 0,017 0,006 0,004 0,006 0,002 0,002 0,005 
Yb 0,012 0,008 0,016 0,006 0,004 0,007 0,002 0,002 0,004 
Hf 0,032 0,026 0,030 0,025 – 0,012 0,002 0,001 0,001 
Pb 0,170 0,076 0,059 0,063 1,000 5,100 1,000 0,540 0,980 
Th 0,024 0,009 0,021 0,007 0,100 0,027 0,004 0,005 0,012 
U 0,004 0,004 0,005 0,004 0,500 0,005 0,001 0,001 0,002 
Примечание. Элементный состав проб определяли на квадрупольном ICP-MS Agilent 7500 се (Agilent Technologies, США) с добавлением 
внутреннего стандарта In + Re. Анализы выполнены в лаборатории Геологические науки в окружающей среде (GET, Тулуза, Франция); «–» – 




Изменения содержания химических элементов в водных растениях на примере 
Вахты трехлистной в общем виде может быть представлено в виде графика (рис. 4). 
 
 
Рис. 4. Содержания химических элементов в траве Вахты трехлистной четырех 
озерных экосистем разных стадий развития 
 
По усредненному содержанию химические элементы в траве Вахты трехлистной, 
произрастающей в экосистемах разных стадий развития, располагаются в следующем 
порядке: 
Для термокарстового озера – K > Ca > Mg > Na > Fe > Mn > Al > Zn > Ba > Rb > Sr 
> B > Ni > Pb > Co > V > As > La > Cr > Ce > Mo > Zr > Cs > Y > Th > Dy > Yb > Hf > U 
Для молодого хасырея – K > Na > Fe > Mg > Ca > Al > Mn > Zn > Ba > Sr > Rb > Pb 
> B > Ni > Co > As > V > Zr > Cr > Ce > La > Y > Th > Mo > Cs > Hf > Dy > Yb > U 
Для хасырея – K > Na > Ca > Mg > Fe > Mn > Al > Zn > Sr > Rb > Ba > B > Ni > Co > 
Pb > As > V > Ce > La > Cr > Y > Zr > Cs > Mo > Th > Dy > Yb > U > Hf 
Для старого хасырея – K > Ca > Na > Mg > Mn > Fe > Al > Zn > Sr > Rb > Ba > B > 
Ni > Co > Pb > V > As > La > Ce > Zr > Cs > Cr > Mo > Y > Th > Sb > Dy > Yb > Hf > U 
Из рис. 4 видно, что общая динамика содержания химических элементов в Вахте 
трехлистной во всех четырех экосистемах одинакова. Однако имеются некоторые 
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различия, так в Вахте произрастающей на литорали термокарстового озера наиболее, по 
сравнению с другими экосистемами, содержаться такие элементы как: K, Sb, Pb и Ba. 
Вахта произрастающая в старом хасырее наиболее богата такими макроэлементами как 
Mg и Ca и микроэлементами Mn, Co, Rb, Sr, Cs. Минимальными концентрациями в 
растениях всех экосистем характеризуются редкоземельные элементы, малоподвижные в 
пресных водах и биологически недоступные растениям, а также трех- и четырехвалентные 
гидролизаты. 
В ходе работы были посчитаны коэффициенты биологического накопления 
химических элементов в Вахте трехлистной относительно воды (Кб) для каждой из 
четырех стадий развития озерных экосистем (рис. 5). 
 
Рис. 5. Значения Коэффициента биологического накопления (Кб) химических 
элементов в Вахте трехлистной относительно воды термокарстовых озер четырех озерных 
экосистем разных стадий развития 
 
По величине Кб можно составить ряды химических элементов для Вахты 
трехлистной произрастающей в четырех озерных экосистемах: 
Озеро – K > Rb > Pb > Mg > Ba > Mn > Sr > Ca > Zn > Na > B > Fe > La > Co > Cs > 
Ce > Ni > Al > Y > Th > Mo > U > Zr > Dy > V > Yb > As > Hf > Cr 
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Молодой хасырей – K > Rb > Pb > Na > Mg > B > Ba > Mn > Sr > La > Zn > Ca > Cs 
> U > Fe > V > Th > Co > Ce > Zr > Al > Y > Ni > Yb > Dy > Hf > Mo > As > Cr 
Хасырей – Rb > K > Pb > Mn > Na > Ba > Co > Fe > Mg > Sr > Zn > Ca > Cs > La > B 
> Ce > Th > Y > V > Dy > Al > Ni > As > Yb > U > Zr > Mo > Hf > Cr 
Старый хасырей – Rb > K > Na > Mn > Pb > Ba > Sr > Cs > Ca > Mg > B > Zn > Co > 
Fe > La > Ni > V > Mo > Al > U > Zr > Th > Ce > Y > As > Dy > Yb > Hf > Cr 
Высокими значениями Кб для Вахты, произрастающей во всех изученных 
экосистемах характеризуются макроэлементы необходимые растениям в процессе 
жизнедеятельности (K, Mg, Na) значения Кб для которых меняется в зависимости от 
стадии развития. Так, в ходе развития озерных экосистем, уменьшается значение Кб для 
Mg, но увеличивается роль Na. 
Активно накапливаются Вахтой трехлистной такие микроэлементы как Rb, Sr, Ba, 
Pb, что вероятно говорит о специфичности их накопления, а также о возможном 
загрязнении водоемов. Активное накопление рубидия, наравне с калием, объясняется их 
физиологической схожестью, т.к. рубидий может отчасти замещать позиции калий в 
соединениях, хотя высокие его концентрации довольно токсичны для растений [17].  
Mn активно накапливается в растениях произрастающих в экосистемах конечных 
стадий развития (Хасырей и Старый хасырей), что может быть связано с изменениями 
гидрологического режима местообитаний. Также ранее многими исследователями 
отмечалось [18, 19], что Mn обладает высокой биогеохимической активностью в 
тундровых и таежных ландшафтах. Дополнительным фактором повышенной 
концентрации Mn в макрофитах конечных стадий может являться повышенный рН воды и 
более интенсивное протекание фотосинтеза, приводящее к окислению Mn2+ до Mn4+ на 
поверхности клеток. 
Данные по ряду элементов (высокое содержание Mn, Pb и низкое содержание Cr) 
полученные нами в ходе работ согласуются с ранее опубликованными работами [19, 20]. 
Также высокие содержания Mn, Fe и Pb отмечено для торфа верховых болот севера 
Западной Сибири [20], и для кустистых лишайников данной территории [21, 22].  
 
4.4 Выводы 
1. Термокарстовые озера субарктики Западной Сибири представляют собой 
мелкокотловинные озера с темным цветом воды, торфяным дном. Они являются стадиями 
перехода элементов ландшафта от плоскобугристого болота до хасырея (спущенное 
озеро), в котором, в последствие происходит промерзание грунта и мерзлотное пучение с 
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возобновлением плоскобугристого болота. 
2. Во всех исследованных озерных водах складывается благоприятная обстановка 
для накопления ряда химических элементов (Fe, Cr, Mn, Co, Ni, редкоземельные 
элементы) до уровня существенно превышающего кларк речной воды [16]. 
3. Общая динамика содержания химических элементов в Вахте трехлистной во всех 
четырех экосистемах одинакова. Но имеются некоторые различия, так в Вахте, 
произрастающей на литорали термокарстового озера, по сравнению с другими 
экосистемами, наиболее накапливаются такие элементы как: K, Sb, Pb и Ba. Вахта, 
произрастающая в старом хасырее наиболее богата такими макроэлементами как Mg и Ca 
и микроэлементами Co, Rb, Sr, Cs, Mn.  
4. Наибольшим Коэффициентом накопления (Кб) характеризуются макроэлементы, 
а также некоторые микроэлементы такие как Rb, Mn и другие, что объясняется 
спецификой биогеохимической обстановки данной территории. В траве Вахты 
трехлистной сильно накапливаются некоторые тяжелые металлы, такие как, Pb, Zn, Sr, Со 
и другие, источниками которых могут служить глобальные факторы (атмосферный 
перенос, водный режим и др.), так и различного рода локальные загрязнения 
происходящие в результате антропогенной нагрузки на экосистемы севера Западной 
Сибири (нефтяные «качалки», «лисьи хвосты» сжигаемого газа и др.) [23]. 
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This works describes the current state of lake and wetland ecosystems in northern West Siberia, 
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composition of the thermokarst water ecosystem during various stages of lake development. We 
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various chemical elements. The four groups of chemical elements reflect the dynamic succession 
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formation are discussed and the consequences of climate warming and permafrost thaw on 
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Озерно-болотные экосистемы субарктики Западной Сибири являются уникальными 
природными индикаторами климатических изменений, будучи наиболее чувствительны к 
изменениям природной среды в виду их пограничного положения в пределах 
криолитозоны (Кирпотин и др., 2008; Кравцова, Быстрова, 2009). До недавнего времени 
ландшафт мерзлых бугристых болот находился в достаточно стабильном состоянии. 
Наблюдалась своеобразная «пульсация» поверхности, обусловленная взаимными 
переходами элементов ландшафта. Общая схема этого процесса выглядит следующим 
образом: сначала происходит просадка участка плоскобугристого болота с образованием 
мочажины - «эмбрионического» озера, затем озеро начинает расти и, достигнув 
определенного размера, сбрасывает свои воды в другой водоем, в результате чего 
образуется хасырей (спущенное озеро), в котором в дальнейшем опять происходит 
мерзлотное пучение, что приводит к образованию мерзлых бугров и началу нового цикла 
развития термокарстовых озер. Описанный процесс хорошо дешифрируется на 
космических снимках за многолетний период наблюдений; анализ этой информации 
позволяет говорить, что в настоящее время на севере Западной Сибири происходят 
процессы деградации многолетней мерзлоты и увеличения количества термокарстовых 
озер (Кирпотин и др., 2008).  
С возрастанием антропогенного влияния на природную среду, выражающемся как 
в локальном загрязнении в ходе хозяйственной деятельности человека, так и глобальном 
загрязнении через дальний атмосферный перенос, вопрос о накоплении микроэлементов 
во всех звеньях водных экосистем приобретает все большее значение (Куликова и др., 
2008). Термокарстовые озера севера Западной Сибири изучены довольно слабо; имеются 
лишь фрагментарные данные по их гидрохимическому составу (Леонова, 2004; Леонова и 
др., 2005; Московченко, 2010; Pokrovsky et al., 2011). 
На сегодняшний день районы Западной Сибири с развитием многолетней мерзлоты 
активно осваиваются и являются предметом всестороннего изучения, что обуславливает 
актуальность гидрохимических исследований поверхностных вод этого региона. Целью 
данной работы явилось изучение особенностей элементного состава вод термокарстовых 
озер субарктики Западной Сибири в контексте естественной сукцессии развития 
ландшафта и происходящих климатических изменений. 
В ходе работы представлялось необходимым ответить на следующие вопросы: 1) 
Какова пространственная изменчивость концентраций микроэлементов в водных объектах 
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плоскобугристых болот севера Западной Сибири? 2) Имеется ли значимая разница в 
концентрациях микроэлементов между различными стадиями эволюции термокарстовых 
озер? 3) Можно ли использовать полученные результаты для предсказания эволюции 
химического состава теромкарстовых озер всей Западной Сибири? 
 
5.2 Объекты и методы исследований 
Район исследования (зона лесотундры) характеризуется повсеместным 
распространением преимущественно малых озер с площадью водного зеркала менее 1 
км2, их суммарная площадь, для озер лесотундры и лесо-болотной зоны 44000 км2 
(Болота Западной Сибири, 1976; Западная Сибирь, 1963; Доманицкий и др., 1971; 
Кравцова, Быстрова, 2009) (рис. 1).  
Изученные нами водные объекты представляют собой термокарстовые озера с 
берегами, сложенными торфяными сфагновыми мхами, донные отложения озер 
представлены торфяным детритом. Термокарст развивается за счет вытаивания 
сингенетических и эпигенетических сегрегационных льдов, растущих и погребённых 
повторно-жильных и пластовых льдов и таяния льда деятельного слоя. В результате 
образуются мочажины, озёра, западины и другие отрицательные формы рельефа, 
разделённые обычно плоскобугристыми торфяниками высотой 2–4 м. Наиболее крупные 
термокарстовые озёра, возникающие в торфяниках, имеют размеры до 1 км и более 
(Козлов, 2005) при глубине 0,5–1,5 м. Вода озер богата гуминовыми веществами, за счет 
этого она окрашена в темный цвет.  
Термокарстовые озера Западной Сибири были условно разделены нами на 5 стадий 
развития, в зависимости от размера и возраста озер: I стадия – диаметр водного зеркала от 
2 до 10 м; II стадия – от 11 до 100 м; III стадия – от 101 до 500 м; IV стадия – от 501 до 
3000 м и более; V стадия – хасырей (спущенное озеро) площадью от 500 до 5000 м. При 
выделении стадий развития термокарстовых озер Западной Сибири мы основывались на 
описанном ранее механизме их образования и цикличности развития (Кирпотин и др., 
2008). Диаметр водного зеркала озер определялся на месте с помощью GPS-навигатора. 
Отбор проб проводился в районе пос. Пангоды (ЯНАО) в августе 2010 года, с 
использованием вездехода-амфибии ARGO 8x8 700 HD; всего было обследовано 43 
термокарстовых водных объекта.  
Пробы воды отбирались с поверхности (30–35 см) на литорали озер в химически 
чистые полипропиленовые стаканы объемом 250 мл, затем воду фильтровали на месте или 
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в течение 4 часов после отбора через мембранные фильтры (MILLEX Filter Unit) с 
диаметром пор 0,45 мкм с использованием стерильных шприцов и виниловых перчаток. 
Образец фильтрованной озерной воды делился на два полипропиленовых флакона, 
предварительно вымытых в чистой комнате, одну пробу подкисляли добавлением 
концентрированной бидистилированной HNO3 до концентрации 2 %, вторую не 
подкисляли. До проведения анализа пробы хранили в холодильнике. Все анализы озерных 
вод были выполнены в лаборатории GET (Тулуза, Франция) с использованием 
стандартных методик (Pokrovsky et al., 2011). 
Микроэлементный состав пробы определяли на квадрупольном ICP-MS (Agilent 
Technologies, 7500 се) с добавлением внутреннего стандарта In + Re. Внутренняя 
погрешность анализов микроэлементов составляла 2–5 %; сходимость результатов с 
сертифицированным международным стандартом озерной воды составляла 10–15 % для 
40 элементов, кроме В и Р (≤ 30 %). 
Неконсервированную пробу использовали для следующих видов анализов: 
определение кремния с молибдатом аммония на автоанализаторе AutoAnalyzer 3. 
Bran+luebbe; определение содержания органического углерода в методом полного 
сжигание растворенного органического углерода при 800 ˚С на платиновом катализаторе с 
дальнейшим определением СО2 методом инфракрасной спектроскопии, на приборе TOC-
VCSN, SHIMADZU; определение цветности (УФ поглощение при длине волны 280 нм) 
определяли на спектрофотометре (Varicen, Cary 50 Scan. UV-Visible) в стандартных (10 
мм) кюветах; определение хлоридов и сульфатов проводилось методом жидкостной 
хромотографии высокого разрешения в интервале 0,05–10 мг/л, на приборе DIONEX ICS-
2000.  
Статистическая обработка данных и построение диаграмм проводились с 
использованием пакета программ MS Excel 2003 и Statistica 6.0. 
 
5.3 Результаты и обсуждение 
Результаты анализов показали, что все изученные нами термокарстовые озера 
характеризуются атмосферным типом питания, это объясняется содержанием основных 
ионов (хлоридов и сульфатов). Содержание хлоридов и сульфатов изменяется от 0,014 
мг/л до 1,12 мг/л и от 0,04 мг/л до 1,1 мг/л соответственно, и укладываются в значения 
характерные для атмосферных осадков (Беус и др., 1976). Имеется, однако, единичное 
высокое содержание сульфатов (3,5 мг/л) в озере отличающимся цветом от других 
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термокарстовых озер на использованных нами космических снимках данной территории 
(табл. 1). Очевидно, это первичное глубоководное озеро, подверженное влиянию 
подземных вод. Подобные «голубые» озера хорошо известны на Тазовском полуострове 
(Кузин и др., 2012). 
Анализ электропроводимости вод термокарстовых озер, отражающей их 
минерализацию, не выявил существенных отличий ее значений по стадиям, хотя 
максимальные значения УЭ (> 20–30 мкС/см) наблюдаются на I и II стадиях развития. В 
среднем изученные воды преимущественно ультрапресные, о чем свидетельствуют низкие 
значения электропроводимости, средние значения которой варьирует в различных стадиях 
озер от 10,6 до 17,2 мкС/см. Вместе с тем, наблюдается большой разброс значений 
электропроводности (от 3,1 мкС/см до 35,8 мкС/см), это может быть объяснено 
многоводностью года и затоплением мочажин и высохших депрессий дождевой водой.  
Важным интегральным показателем геохимических условий природных вод 
является их кислотно-щелочные свойства. Кислотно-щелочные условия вод 
характеризуются изменением рН от 3,9 до 6,9. Наибольшее распространение имеют 
кислые воды (рН 3,3–4,9) и локально встречаются слабокислые (рН 5,0–6,9). Такая 
реакция среды обусловлена продуктами разложения органических кислот почвы и 
поступлением в воды фульво- и гуминовых кислот торфа.  
Одной из важнейших характеристик состава изученных природных вод является 
растворенное органическое вещество, надежным показателем которого может служить 
растворенный органический углерод (РОУ); на него приходится в среднем около 50 % 
массы органических веществ (Семенов, 1977). В процессе формирования состава воды, 
большую роль играет почвенный покров. Известно, что если вода фильтруется через 
бедные солями торфянисто-тундровые или болотные почвы, то она обогащается большим 
количеством органических веществ и лишь в очень малой мере ионами (Алекин, 1953). 
Исследования термокарстовых озер Западной Сибири показали (табл. 1), что 
начальные стадии термокарстовых озер (I (РОУ = 18,1±15,4 мг/л) и II (15,3±8,1 мг/л)) 
содержат существенно больше органического углерода по сравнению со зрелыми озерами 
(III (11,0±4,3 мг/л) и IV (11,1±3,4 мг/л)). Это обусловлено тем, что атмосферные осадки, 
взаимодействую с тающей мерзлой почвой, обогащаются аллохтонным органическим 
веществом (Алекин, 1953), которое прогрессивно поглощается аэробным гетеротрофным 
бактериопланктоном (Shirokova et al., 2009). Дополнительным фактором уменьшения 
концентрации РОУ в зрелых озерах может служить фотоокисление высокомолекулярных 
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почвенных органических соединений в водной толще (Pokrovsky et al., 2011). В 
результате, наименьшее количество растворенного органического углерода содержится в 
водах озер III–IV стадий (11,0±4,3 и 11,1±3,4 мг/л) соответственно. Ранее нами было 
показано (Shirokova et al., 2009; Kirpotin et al., 2009), что молодые термокарстовые активно 
растущие озера (диаметром 2–100 м) являются основными поставщиками органического 
углерода в гидросеть и обеспечивают сильное выделение СО2 в атмосферу. После спуска 
озера и образования хасырея, на пятой стадии развития, содержание растворенного 
органического углерода увеличивается до 15,6±3,6 мг/л. По-видимому, это обусловлено 
развитием водной растительности и фитопланктона, что может приводить к увеличению 
содержания автохтонной первичной продукции и соответственно, к увеличению 
содержания растворенного органического углерода. В результате, конечная стадия 
развития озер (спущенное озеро или хасырей) характеризуется более высоким по 
сравнению с начальными стадиями содержанием РОУ (15,6±3,6 мг/л), возможно в форме 
экзометаболитов фитопланктона и водных макрофитов. 
Изученные концентрации химических элементов (табл. 2), по усредненному 
содержанию располагаются в следующем порядке (10 элементов с максимальными 
концентрациями): 
I начальная стадия термокарстового озера (диаметр водного зеркала от 2 до 10м) – 
Fe > Si > Ca > Na > Mg > Al > K > Mn > Zn > Cr; 
II стадия (от 11 до 100 м) – Ca > Fe > Si > Mg > Na > Al > K > Mn > Zn > Cr; 
III стадия (от 101 до 500 м) – Ca > Na > Si > Mg > Fe > K >Al > Mn > Zn > Cr; 
IV стадия (от 501 до 3000 м и более) – Ca > Na > Mg > Si > K > Fe > Al > Zn > Mn > 
Sr; 
V стадия (спущенное озеро или хасырей) – Ca > Si > Fe > Mg > Na > Al > K > Mn > 
Zn > Sr.  
На треугольных диаграммах (рис. 2) основного солевого состава (в молярных 
концентрациях) термокарстовых озер отчетливо видно, что кремнезем является основным 
компонентом безотносительно к стадии развития озер, среди главных ионов более 
выражен сульфат-ион. Кальций и магний присутствуют примерно в одинаковых 
пропорциях. 
Важно отметить, что наблюдаются систематическое изменение гидрохимического 
состава озер, от железисто-кремниевых вод в начале развития озера до кальциево-
натриево-магниевого на наиболее зрелой стадии. Конечная стадия развития 
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характеризуется возрастанием относительной роли Si и Fe, вероятно в силу развития и 
разложения макрофитов и фитоплактона. 
Полученные данные по составу вод термокарстовых озер позволяют выделить 4 
группы химических элементов отражающих динамическую сукцессию развития озер: 
1. Концентрации элементов уменьшаются с первой до последней стадии развития: 
Cr, Cs, Mo, Ga (уменьшение концентраций варьирует от 20 % до 89 %);  
2. Концентрации элементов увеличиваются с первой до последней стадии развития: 
Ca, Li, Mg, Se (увеличение концентраций варьирует от 33 % до 55 %); 
3. Концентрации элементов увеличиваются в начальной и конечной стадиях 
развития и уменьшаются в зрелых озерах с диаметром водного зеркала более 100 м: As, 
Co, Fe, Al, Si, Cd (изменение концентраций варьирует от 26 % до 83 %); 
4. Концентрация элементов уменьшается в начальной и конечной стадиях развития 
и увеличивается в зрелых озерах с диаметром водного зеркала более 100 м: V, U, Rb, B, K 
(изменение концентраций варьирует от 32 % до 83 %). Такой же тенденцией изменения 
концентрации характеризуется содержание главных ионов (Cl- и SO42-). 
Остальные элементы не демонстрируют каких-либо систематических вариаций 
концентраций со стадией развития озер, статистически значимые тренды между 
различными стадиями не выявляются. 
Примеры наиболее выраженных зависимостей концентрации от стадии развития 
(диаметра водного зеркала) озера представлены для основных групп микроэлементов (Cd, 
Ga, Mo, Sr, Sb, Cr, As, Cu, Pb, Ni, Al, Ti, U) (рис. 3). Четко прослеживаются изменения 
концентрации химических элементов (Cd, Ga, Mo) в зависимости от диаметра водного 
зеркала озера и качественные различия в содержании элемента различных стадий озер 
(хасырей и II стадия), имеющих одинаковые размеры водной поверхности. 
Такие зависимости концентраций микроэлементов от площади поверхности 
характерны для элементов, активно изымаемых из водной толщи в ходе химических и 
микробиологических процессов без существенного атмосферного или подземного 
привноса. Последнее, например, справедливо для кадмия и молибдена, в то время как 
цинк может иметь явно выраженное атмосферное поступление и не укладывается на 
общую тенденцию эволюции концентраций. 
Макрокомпоненты озерных вод не показываю четких зависимостей концентраций 
от стадии развития озер, примеры зависимостей макрокомпонентов представлены на рис. 
4. Отмечается высокая концентрация железа, кремния и РОУ на начальных стадиях 
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развития и минимальная концентрация в больших озерах. 
Для соотношения содержания химических элементов в водах термокарстовых озер 
субарктики Западной Сибири был выбран показатель их кларкового значения в речной 
воде (Gaillardet et al, 2005). Низкоминерализованные поверхностные воды озер севера 
Западной Сибири характеризуются пониженными концентрациями большинства 
подвижных макро- и микрокомпонентов, попадающих в воду озера при разгрузке 
грунтовых и подземных вод, а также при взаимодействии вода – горная порода. 
Примерами таких элементов являются Na, Mg, Si, K, Ca, Li, B, Mn, Rb, Sr, Mo, Ba, U. 
Существенно торфяный контекст вмещающего субстрата приводит к пониженным 
величинам рН и повышенной концентрации РОУ, в результате, подвижность 
низкорастворимых элементов возрастает и они эффективно переходят из вмещающего 
органо-минерального субстрата в озерную воду. 
В водах озер всех стадий развития складывается благоприятная обстановка для 
накопления Al, Fe, Ti, Cr, Co, Ni, Zn, Se, Y, Zr, Cs, La, Hf, Pb до уровня превышающего 
кларк речной воды (рис. 5).  
Ранее нами было установлено, что Fe и Al являются одними из основных 
компонентов термокарстовых озер Западной Сибири и показано, что биогеохимия 
большинства микроэлементов определяется их ассоциацией с железо-органическими 
коллоидами, обеспечивающими высокую концентрацию элементов-гидролизатов 
(Pokrovsky et al., 2011). С другой стороны, основным процессом, контролирующим 
эволюцию химического состава озер в ходе их образования и старения является 
минерализация РОУ гетеротрофным аэробным бактериопланктоном, приводящая к 
коагуляции коллоидов и переводу минеральных компонентов в донные отложения (Audry 
et al., 2011). Это предполагает наличие корреляционных связей между различными 
химическими показателями, проиллюстрированными на рис. 6. 
В согласии с предыдущими исследованиями, нами также были выявлены 
зависимости концентраций микроэлементов от Al, Fe и РОУ. Критерием зависимости 
служил коэффициент корреляции Пирсона. Можно определить значимые корреляционные 
зависимости с коэффициентом корреляции более 0,5 (r2 ≥ 0,5).  
Отсутствие зависимости с Fe и РОУ характерно для щелочных элементов (Li, Na, 
K, Rb, Cs), щелочноземельных металлов (Mg, Ca, Sr, Ba) и анионов (Cl-, SO42-) и ряда 
микроэлементов, не связанных с РОВ (Мо, Sb, B и др.). В то же время, из нейтральных 
молекул и анионов высокую связь с Fe и РОУ имеют Si, As (рис. 7). Если для Si, не 
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имеющего коллоидной составляющей, такая корреляция может указывать на вывод Si 
диатомовыми водорослями или макрофитами, то уменьшение концентрации As и V, 
возможно, объясняется существенно коллоидным (1 кДа – 0,22 мкм) статусом, 
установленным в термокарстовых озерах Западной Сибири (Pokrovsky et al., 2011). 
Уменьшение концентрации РОУ по мере развития озера приводит к уменьшению 
концентрации аллохтонных органических коллоидов, связывающих микроэлементы в 
комплексы и контролирующих их концентрацию в водах озер. 
Из двухвалентных тяжелых металлов заметную связь с Fe и РОУ имеют только Co 
и Pb (рис. 8). В то время как снижение концентрации Со по мере эволюции озер может 
отражать его захват растущими клетками планктона и перевод в осадок, уменьшение 
концентрации свинца, вероятно, связано, с уменьшением его поступления при береговой 
абразии торфа по мере расширения озера и уменьшения отношения периметр (питающая 
зона) / площадь или объем (зона перевода элементов в осадки). Высокое накопление 
свинца в торфяных отложениях хорошо известно (Shotyk et al., 2000). Интересно, что 
атмосферные поступления тяжелых металлов на акваторию термокарстовых озер 
являются незначительными – в противном случае, концентрации этих элементов 
оставались бы достаточно постоянными для всех стадий (площадей) опробованных 
водных объектов, имеющих постоянные глубины 0,5–1,5 м. 
Отметим, что для Cd (r2 = 0,65) наблюдается два кластера точек зависимости 
концентрации от РОУ или Fe (рис. 8). Почти трехкратное уменьшение концентраций на III 
стадии и в хасыреях, вероятно, отражает изменение режима питания озера и 
биологические процессы активного захвата этого металла. 
Статистически значимой разницы в концентрациях элементов-гидролизатов на 
различных стадиях, а также в хасыреях, не обнаруживается. Это предполагает отсутствие 
заметного подземного / элового питания озер различных стадий. 
В целом, наблюдаемые корреляционные зависимости могут отражать 1) общность 
источника вещества (торф или силикатные примеси) – Ca, Si, Al, Ti, Zr, Hf, Pb, U; 2) 
специфические механизмы мобилизации и миграции в форме органических или органо-
минеральных коллоидов (Fe, Al, трех- и четырехвалентных гидролизатов); 3) процессы 
биологического поглощения (захвата) и высвобождения (Zn, Mn, Co, Mo, Cu, Si, P, Cd); 4) 
процессы седиментации в осадок и диффузионного подтока в наддонную воду (As, Sb, Se, 
Cd, Pb) (Audry et al., 2011).  
Исходя из современного состояния многолетнемерзлых пород на севере Западной 
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Сибири (Брыксина и др., 2009; Днепровская и др., 2009; Брыксина, 2011), можно 
прогнозировать увеличение термокарстовых процессов на данной территории, что 
приведет к увеличению числа малых просадок и таянию мерзлоты и уменьшению числа 
крупных озер. В связи с этим, можно ожидать увеличение концентраций 
водорастворимого, но мало биодоступного органического вещества и большинства 
растворенных металлов, присутствующих в форме органических и железо-органических 
коллоидов. Исходя из полученных эмпирических связей между стадиями развития 
(площадью) озер и концентрациями растворенных (< 0,22 мкм) микроэлементов, среднее 
увеличение концентрации может составлять 200–400 %. 
 
5.4 Выводы 
1. Термокарстовые водные объекты субарктики Западной Сибири представляют 
собой мелкокотловинные озера с темным цветом воды, торфяным дном. Они образуются 
вследствие перехода элементов ландшафта от плоскобугристого болота до хасырея; в 
последнем, в последствие происходит промерзание грунта и мерзлотное пучение с 
возобновлением плоскобугристого болота и цикла таяния мерзлоты. 
2. После спуска озера и образования хасырея происходит некоторое увеличение 
содержания растворенного органического углерода, что, по-видимому, объясняется 
развитием водной растительности и накоплением автохтонного органического вещества. 
3. Обнаружена систематическая эволюция в элементном составе озерных вод в 
зависимости от стадий развития, что позволяет выделить группы химических элементов 
отражающих динамическую сукцессию развития термокарстовых озер. 
4. Выявлены корреляционные связи Al, Fe и РОУ с различными химическими 
элементами, что может отражать нахождение микроэлементов в форме органических и 
органо-минеральных коллоидов и их прогрессивную минерализацию гетеротрофным 
бактериопланктоном в ходе сукцессии термокарста. 
5. Питание термокарстовых озер является существенно поверхностным и связано, 
вероятнее всего, с береговой абразией торфа при минимальной роли минерального 
субстрата, подземных вод и атмосферных выпадений. 
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Рис. 3. Примеры зависимости концентраций микроэлементов от стадии 
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Рис. 3. Продолжение. Отмечается существенное отличие в содержании элементов на II 




Рис. 4. Зависимости концентраций макрокомпонентов: Mg (A), Ca (B), Fe (C), Si (D), K 
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Кларк [Gaillardet et al, 2005]
 










































































Рис. 6. Зависимость концентраций растворенного органического углерода (РОУ) в воде 
термокарстовых озер различных стадий развития: А – РОУ-электропроводность; В – РОУ-
































































































































Таблица 1 - Данные измерений физических и гидрохимических параметров опробованных озер. 












мг/л УФ 280 
65˚59'32,9''/77˚51'23,1'' RM1 II 32 4,29 13,3 14,8 0,15 0,63 0,29 
65˚59'34,6''/77˚51'13,4'' RM2 II 90 4,73 6,1 3,67 0,059 0,63 0,03 
65˚59'34,5''/77˚51'07,4'' RM3 I 6 4,82 8 10,7 0,091 0,23 0,21 
65˚59'40,6''/77˚51'10,3'' RM4 I* 8 6,92 3,1 4,14 0,061 0,31 0,048 
65˚59'42,8''/77˚51'09,0' RM5 I* 7 4,74 5,5 8,21 0,04 0,048 0,1 
65˚59'42,8''/77˚51'04,3'' RM6 I* 5 4,6 5,4 6,05 0,035 0,18 0,077 
65˚59'43,0''/77˚51'00,6'' RM7 I* 3 4,73 6,3 5,82 0,051 0,16 0,12 
65˚59'42,4''/77˚50'49,7'' RM8 I 6 4,38 14 21 0,079 0,058 0,41 
65˚59'39,6''/77˚50'22,8'' RM9 III 123 4,83 6,8 4,31 0,12 0,62 0,08 
65˚59'49,3''/77˚51'25,3'' RM10 I 10 4,23 14 9,59 0,13 1,06 0,2 
65˚59'49,3''/77˚52'09,2'' RM11 IV 507 5,35 4,6 4,05 0,074 0,46 0,047 
66˚00'33,9''/74˚45'42,3'' RM13 I 8 3,97 32,9 36,4 0,041 0,062 1,25 
66˚00'33,8''/74˚45'39,2'' RM14 I 9 3,91 29,2 31,5 0,016 0,066 0,89 
66˚00'34,0''/74˚45'34,9'' RM15 I 10 4,03 27,2 47,9 0,044 0,038 0,96 
66˚00'34,9''/74˚45'28,0'' RM16 III 445 4,85 14,9 16,2 0,14 0,48 0,57 
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66˚01'01,2''/74˚45'21,4'' RM17 IV 520 4,5 14,8 15,6 0,16 0,51 0,51 
65˚55'31,8''/74˚46'41,1'' RM18 V (хасырей) 260 4,45 12,5 14,2 0,018 0,26 0,34 
65˚55'28,8''/74˚46'45,8'' RM19 V (хасырей) 40 4,93 12,2 13,9 0,02 0,16 0,36 
65˚55'16,1''/74˚49'02,7'' RM20 IV 1080 4,98 17,6 8,62 0,2 3,51 0,12 
65˚52'10,5''/74˚52'46,4'' RM21 II 94 4,43 10,9 9,34 0,1 0,42 0,29 
65˚54'09,9''/74˚08'57,2'' RM22 V (хасырей) 60 4,54 12,2 16,9 0,031 0,13 0,44 
65˚53'07,0''/75˚10'37,7'' RM23 IV 810 5,01 11,6 9,75 0,3 0,89 0,19 
65˚53'29,8''/75˚11'37,7'' RM24 IV 860 4,85 10 12,5 0,13 0,34 0,27 
65˚53'58,2''/75˚12'38,2'' RM25 IV 1100 4,93 12,4 13,1 0,24 0,96 0,26 
65˚54'15,0''/75˚12'24,0'' RM26 V (хасырей) 147 4,8 8,8 13,6 0,02 0,15 0,31 
65˚51'55,7''/75˚20'22,7'' RM27 V (хасырей) 110 4,8 11,4 17,2 0,027 0,24 0,4 
65˚51'51,5''/75˚20'19,1'' RM28 V (хасырей) 54 5,05 11,4 17,3 0,089 0,05 0,41 
65˚51'59,5''/75˚16'49,9'' RM29 V (хасырей) 15 4,34 21,6 21,4 0,021 0,26 0,61 
65˚51'57,8''/75˚16'37,0'' RM30 V (хасырей) 85 4,49 15,6 18,5 0,094 0,41 0,45 
65˚52'44,9''/74˚57'42,7'' RM31 III 490 4,84 9,1 11,4 0,12 0,32 0,29 
65˚47'47,1''/75˚27'08,1'' RM32 IV 1200 4,87 8,9 10,2 0,14 0,33 0,22 
65˚47'22,8''/75˚28'31,0'' RM33 II* 86 6,42 10,4 13,9 0,054 0,48 0,35 
65˚46'47,4''/75˚28'11,7'' RM34 III 140 5,14 11,2 10,8 0,16 0,11 0,24 
65˚46'39,8''/75˚27'34,9'' RM35 V (хасырей) 50 4,86 10,9 15,5 0,038 0,045 0,47 
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65˚45'31.8''/75˚30'51,4'' RM36 V (хасырей) 56 4,89 7,3 7,88 0,026 0,18 0,16 
65˚45'00,0''/75˚31'07,4'' RM37 IV 540 5,22 12,6 12,4 0,34 1,09 0,23 
65˚44'11,0''/75˚32'57,0'' RM38 II 55 4,43 15,4 14,8 0,016 0,24 0,41 
65˚44'18,5''/75˚33'20,0'' RM39 II 42 3,9 35,8 27,8 0,027 0,61 0,85 
65˚44'23,5''/75˚33'21,8'' RM40 IV 1120 4,66 13,3 13,5 0,18 1,004 0,34 
66˚00'58,6''/74˚47'42,5'' RM41 II 54 4,29 18,2 8,73 0,022 0,17 0,56 
66˚01'01,6''/74˚47'45,5'' RM42 II 88 4,12 26,3 27,3 0,027 0,17 0,82 
66˚01'18,2''/74˚47'32,1'' RM43 III 154 4,71 11,1 12,4 0,076 0,28 0,37 
66˚00'28,9''/74˚48'30,7'' RM44 II 62 4,41 18,5 17,3 0,014 0,12 0,53 
Примечание: УЭ – электропроводность; РОУ – растворенный органический углерод; УФ 280 – ультрафиолетовое поглощение при длине 
волны 280 нм; «*» – впадины и просадки, заполненные низкоминерализованной дождевой водой и не отражающие динамику сукцессии озер 
по химическому составу. Все анализы выполнены в лаборатории Геологические науки в окружающей среде (GET, Тулуза, Франция). 
 143 
 











































































































































































































































































































































































































































































































































Примечание: В числителе – минимальное и максимальное значение, в знаменателе – среднее значение и стандартное отклонение, n – число 
исследованных озер (без учета впадин и просадок, заполненных низкоминерализованной дождевой водой и не отражающих динамику 













1. Thermokarst water bodies form within the natural succession of frozen palsa bog 
thawing and permafrost subsidiences; these bodies are highly dynamic systems that reflect the 
ongoing climate and environmental changes in the chemical composition of their water columns. 
The initial permafrost thawing in the palsa frozen peat bog complex creates reactive sites for 
GHG exchange between the frozen organic matter and the atmosphere. Although the exact 
number and the degree of land surface coverage by these small (< 100 m²) water bodies is 
currently unknown, their role in the overall CO2 and CH4 flux from the land to the atmosphere 
may be higher than that of the large thermokarst lakes or land bog complexes. 
Examining the thaw lake chemical composition along the latitudinal profile of variable 
permafrost thickness and coverage demonstrated that the average DOC, Pb, Al concentration 
decreased, while the specific conductance increased with the Ca, Ni, Cu concentrations from the 
south to the north; these changes are most likely linked to the permafrost’s variability and the 
effects caused by the sea or ore processing smelter’s proximity. 
Natural weather perturbation phenomena, such as prolonged water heating during the 
summer, allowed us to account for various physico-chemical and microbiological processes that 
control the organic carbon’s leaching from the frozen peat, as well as its transformation in the 
water column and the release to the atmosphere. There is little doubt that as the climate change 
in the Western Siberia lowlands continues, the thermokarst thaw ponds will govern the GHG 
released into the atmosphere. 
2. The general dynamics of chemical elements concentrations in Menyanthes trifoliata L. 
in all four ecosystems are very similar. However, there are some differences, in plants growing 
in the intertidal zone of thermokarst lakes most in comparison with other ecosystems, with 
respect to concentrations of K, Sb, Pb and Ba. Plants growing in the old khasyrei are mostly 
enriched by major elements such as Mg and Ca and trace elements Mn, Co, Rb, Sr, Cs. 
Minimumal concentrations in plants of all ecosystems are typical for rare earth elements, 




In the course of work were calculated the coefficients of biological accumulation of 
chemical elements in Menyanthes trifoliata L. relative to water (Kb) for all the four stages of 
lake ecosystems development. 
High values of Kb are exhibited by macronutrients which are necessary for plants’ life 
cycle (K, Mg, Na); these values vary dependent on the stage of lake development. In particular 
with the lake maturation we observe the decrease of Kb value for Mg, but also the increases the 
Kb of Na. 
The elements actively accumulating in Menyanthes trifoliata L. are Rb, Sr, Ba, Pb, which 
may be partially linked to possible contamination of the water reservoir (Pb). Data on the 
number of other elements  obtained in the course of the work are in agreement to previously 
published works by other authors (i.e., high content of Mn, Pb, and low content of Cr). Another 
heavy metals strongly accumulating in grass Menyanthes trifoliata L. are Pb, Zn, Sr, Co, which 





The received data on the role of water plants in the bioaccumulation of some chemical 
elements may be complemented and specified with further studying of lake eco-systems in the 
north of West Siberia. According to the balance calculation by Zakharova et al. (2007) for 
Karelia region, up to 30-40% of major elements and silica in the river water may be originated 
from the plant litter degradation. It is necessary to enlarge the list of plants types from various 
ecological groups and life forms. This will help to get an exhaustive evaluation of the plant 
substance contribution in the cycles of macro- and microelements. As biogeochemistry of most 
chemical elements is connected with organo-mineral colloids, later on it is though necessary to 
evaluate the speed of growth and decomposition of plants in this territory.  
To specify the role of macrophytes in the bioaccumulation of heavy metals it is necessary 
to compare the studied plants types from the background (clean) territories and territories 
exposed to significant anthropogenic load (hydrocarbon production) later. 
The conducted study of thermokarst lakes water allows to make initial conclusions about 
the concentrations of chemical elements in lakes of various stages of development and of various 
natural zones changing. For the further prediction of surface water chemical composition 
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changing in this region it is necessary to expand the research territory, to conduct measurements 
in different seasons, as well as to monitor key districts in various natural zones of West Siberia. 
The study of West Siberia rivers chemical composition is believed to be necessary, as far 
as thermokarst lakes draining into the river system may result in a significant increase in 
concentration of particulate organic carbon and micro-elements that come from boggy lands in 
the north of West Siberia into the Arctic Ocean. 
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